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A B S T R A C T 
In r e c e n t y e a r s , there has been an increas ing i n t e r e s t 
to look into the nuclear i n t e r a c t i o n mechanisms v i a . pre-
equi l ibr ium emiss ion of p a r t i c l e s fo l lowed by the equi l ibr ium 
decay. This has been used in exp la in ing many types of the 
r e a c t i o n s . Hence, the be t t er understanding of the p r e - e q u i l i b r i u 
emission mechanism i s necessary and for t h i s purpose more and 
more accurate experimental data are necessary . With t h i s moti-
v a t i o n , in the present work, the e x c i t a t i o n funct ions for ( a , n ) , 
113 (a ,2n) r e a c t i o n s in In; ( a , n ) , ( a , 2 n ) , ( a , 3 n ) , ( a , 4 n ) , ( a , p n ) , 
115 (a ,2p) r e a c t i o n s in In» ( a , n ) , ( a , 2 n ) , ( a , 3 n ) , ( a , 4 n ) , (a,'3n) 
r e a c t i o n s in Ir ; ( a , 3 n ) , ( a , 4 n ) , (a ,5n) r e a c t i o n s in Ir , 
( a , n ) , ( a , 2 n ) , (a ,4n) . , (a ,p3n) r e a c t i o n s in ' Sb and ( a , n ) , 
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( a , 3 n ) , (a ,4n) reac t ions in Sb have been measured . This t h e s i 
i s ramified into f i v e chapter s . 
In the chapter I , a general introduct ion r e g a r d i n g nuc lea r 
r e a c t i o n s , nuclear reac t ion t h e o r i e s , technique of measurerriGnts, 
nuclear model code and a brief idea of the r e s u l t s , are g i v e n . 
After the development of isochronous c y c l o t r o n , the 
p r o j e c t i l e s e x c i t e d npto very high e n e r g i e s becamo a v a i l a b l e nn'l 
a long t a i l in the •^xc i ta t ion f u n c t i o n was o b s e r v e d . In o rde r 
to e x p l a i n t h i s , mnny s e m i - c l a s s i c a l models liave beoii p ioposcd 
v;hich are given in chap t e r I I . The moflel c a l c u l i l i ons fro doun 
by using ALICE/LIVERMORE-82 computer code. The d e t a i l s of t h i s 
computer code are given in the chapter I I I . 
The stacked f o i l a c t i va t ion technique was followed in the 
present experiment. The stack of the In, I r , Sb were bombarded 
with 50 MeV, 55 MeV, 55 MeV energy of a - p a r t i c l e beam r e spec t i ve ly , 
at Variable Energy Cyclotron Centre , Calcut ta ( India) for the 
su i table per iods , keeping in view the th ickness of the sample, the 
melting point of the element and half l i v e s of the y i e l d s . The 
res idua l a c t i v i t i e s were recorded with the help of a 100 cm Ge(Li) 
de tec tor coupled with a p r e - ca l i b r a t ed multichannel analyser and 
associated e l e c t r o n i c s . The e f f ic iency and energy c a l i b r a t i o n s wer 
152 done using a standard Eu gamma point source of known s t rength 
keeping i t a t t a r g e t pos i t i on . In the measurement of f lux , the 
a - p a r t i c l e s were counted from an in tegra ted beam charge where the 
beam was t o t a l l y stopped in an e l e c t r i c a l l y insu la ted i r r a d i a t i o n 
heads, serving as a kind of Faraday cup. The flux was checked by 
the Cu(a,2n) Ga monitor r eac t ion a l s o . Other experimental 
d e t a i l s are given in the chapter IV measured values of the r e s u l t s 
are also tabula ted in t h i s chapter . 
The experimental values of the r e s u l t s are compared also 
with t h e o r e t i c a l l y ca lcula ted values as well as the l i t e r a t u r e 
values ( i f a v a i l a b l e ) . The e x c i t a t i o n functions ca lcu la ted by 
the considera t ion of equi l ibr ium and pre-equi l ibr ium both (GDll 
model) and the equi l ibr ium only (Weisskopf-Ewing model) do not 
match with each o the r . Beyond the peak of the e x c i t a t i o n 
J 
function ca lcu la t ed from Weisskopf-Ewing model goes down very 
f a s t while , t h a t ca lcu la ted from GDH model has a long t a i l . Our 
experimental ly measured r e s u l t s are close to the GDH model c a l -
cu la t ions which ind ica tes t h a t the long t a i l s in the e x c i t a t i o n 
functions cannot be accounted for by pure equi l ibr ium reac t ion 
mechanism. In order to explain t h i s t a i l , the concept of proper 
admixture of equi l ibr ium and pre-equi l ib r ium process i s needed. 
P re sen t ly , the percentage of the pre-equi l ibr ium f rac t ion (fpr) 
i s also ca lcu la ted and concluded t h a t t h i s f r ac t i on increases 
very f a s t with the energy of inc iden t a-beam but a t the higher 
energies the r a t e of increament of fpp dec reases . The threshold 
of pre-equi l ibr ium emission i s higher for lower mass number. The 
value of fpc i s higher for higher mass number a t a given a -pa r t i c l e 
energy. The choice of four exci ton s t a t e (2n+2p+0h) gives the best 
f i t to our experimental d a t a . 
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A B S T R A C T 
In r ecen t years , there has been an increas ing i n t e r e s t 
to look in to the nuclear inLeract ion mechanisms v i a . p re -
equi l ibr ium emission of p a r t i c l e s followed by the equi l ibr ium 
decay. This has been used in explaining many types of the 
r e a c t i o n s . Hence, the b e t t e r understanding of the pre-equi l ibr ium 
emission mechanism i s necessary and for t h i s purpose more and 
more accurate experimental data are necessary. With t h i s moti-
va t ion , in the present work, the e x c i t a t i o n functions for ( a , n ) , 
113 (a,2n) r eac t ions in In; ( a , n ) , ( a , 2 n ) , ( a , 3 n ) , ( a , 4 n ) , ( a , p n ) , 
115 (a,2p) r eac t ions in In; ( a , n ) , ( a , 2 n ) , ( a , 3 n ) , ( a , 4 n ) , (a,5n) 
r eac t ions in I r ; ( a , 3 n ) , ( a , 4 n ) , (a,5n) r eac t i ons in I r , 
121 ( a , n ) , ( a , 2 n ) , ( a , 4 n ) , (a,p3n) reac t ions in Sb and ( a , n ) , 
123 ( a , 3 n ) , (a,4n) r eac t ions in Sb have been measured. This t h e s i s 
i s ramified inLo five c h a p t e r s . 
In the chapter I , a general in t roduct ion regarding nuclear 
r e a c t i o n s , nuclear reac t ion t h e o r i e s , technique of monqiirr^rnnnl n, 
nuclear model code and a brief idea of the r e s u l t s , are given. 
After the development of isochronous cyc lo t ron , the 
p r o j e c t i l e s exci ted upto very high energ ies became avai lable and 
a long t a i l in the e x c i t a t i o n function was observed. In order 
to explain t h i s , many semi -c lass ica l models have been proposed 
which are given in chapter I I . The model c a l cu l a t i ons aro done 
by using ALICE/LIVERMORE-82 computer code. The d e t a i l s of t h i s 
computer code are given in the chapter I I I . 
The stacked fo i l a c t i va t ion technique was followed in the 
present experiment. The stack of the In, I r , Sb were bombarded 
with 50 MeV, 55 MeV, 55 MeV energy of a - p a r t i c l e beam r e s p e c t i v e l y , 
at Variable Energy Cyclotron Centre , Calcut ta ( India) for the 
su i tab le per iods , keeping in view the thickness of the sample, the 
melting point of the element and half l i v e s of the y i e l d s . The 
res idua l a c t i v i t i e s wero recorded with the help of a 100 cm Ge(Ll) 
de tec tor coupled with a p r e - ca l i b r a t ed multichannel analyser and 
associated e l e c t r o n i c s . The e f f ic iency and energy c a l i b r a t i o n s were 
152 done using a standard Eu gamma point source of known s t rength 
keeping i t a t t a r g e t pos i t i on . In the measurement of f lux , the 
a - p a r t i c l e s were counted from an in tegra ted beam charge where the 
beam was t o t a l l y stopped in an e l e c t r i c a l l y insu la ted i r r a d i a t i o n 
heads, serving as a kind of Faraday cup. The flux was checked by 
the Cu(a,2n) Ga monitor r eac t ion a l s o . Other experimental 
d e t a i l s are given in the chapter IV measured values of the r e s u l t s 
are also tabula ted in t h i s chapter . 
The experimental values of the r e s u l t s are compared also 
with t h e o r e t i c a l l y ca lcula ted values as well as the l i t e r a t u r e 
values ( i f a v a i l a b l e ) . The e x c i t a t i o n functions ca lcu la ted by 
the considera t ion of equi l ibr ium and pre-equi l ibr ium both (GDH 
model) and the equil ibrium only (Weisskopf-Ewing model) do not 
matches with each o the r . Beyond the peak of the e x c i t a t i o n 
function ca lcu la ted from Weisskopf-Ewing model goes down very 
f a s t while , t h a t ca lcu la ted from GDH model has a long t a i l . Our 
experimental ly measured r e s u l t s are close to the GDII model c a l -
cu la t ions which ind ica tes t h a t the long t a i l s in the e x c i t a t i o n 
functions cannot be accounted for by pure equi l ibr ium reac t ion 
mechanism. In order to explain t h i s t a i l , the concept of proper 
admixture of equi l ibr ium and pre-equi l ibr ium process is needed. 
P re sen t ly , the percentage of the pre-equiUbrium f rac t ion (fpn) 
i s also ca lcu la ted and concluded tha t t h i s f r ac t i on increases 
very f a s t with the energy of inc iden t a-beam but a t the higher 
energies the r a t e of increament of fp^ dec reases . The threshold 
of pre-equi l ibr ium emission i s higher for lower mass number. The 
value of fpg i s higher for higher mass number a t a given a -par t i c l e 
energy. The choice of four exci ton s t a t e (2n+2p+0h) gives the best 
f i t to our experimental d a t a . 
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CHAPTER-I 
I N T R O D U C T I O N 
The s tudy of n u c l e a r r e a c t i o n s has been one of the most 
i n t e r e s t i n g t o p i c s s ince l a s t s e v e r a l y e a r s . The nuc l ea r 
r e a c t i o n s are unders tood in terms of th ree mechanisms, v i z . , 
the d i r e c t r e a c t i o n s , the compound n u c l e a r r e a c t i o n s and the p r e -
compound or p r e - e q u i l l b r i u m p r o c e s s . In d i r e c t r e a c t i o n s only 
a few nucleons are involved and the emi t t ed p a r t i c l e comes out 
in a time of the o rde r of the time taken by the p r o j e c t i l e to go 
-22 through t h e n u c l e u s o r ' ^ 10 s e c . whi le the compound n u c l e a r 
r e a c t i o n t a k e s p l ace a t the end of very l a r g e number of i n t e r n a l 
c o l l i s i o n s and t h e r e f o r e t a k e s compra t ive ly a long time ('~~'10'" 
s e c ) . In between the d i r e c t r e a c t i o n and the compound nuc leus 
r e a c t i o n s i n t e r m e d i a t e p r o c e s s e s are l i k e l y to o c c u r . A s e r i e s 
of compl ica ted c o l l i s i o n s i n s i d e the nuc leus fo l l ows the i n i t i a l 
i n t e r a c t i o n and t h e r e i s c e r t a i n p r o b a b i l i t y fo r p a r t i c l e emiss ion 
a f t e r each one of these c o l l i s i o n s . The i n t e r m e d i a t e p rocess may 
be a t t r i b u t e d to the p r e - e q u i l i b r i u m emiss ion . Today the acce -
l e r a t o r t echnology i s very much deve loped , t h e r e f o r e a beam of 
high energy p a r t i c l e l i k e p r o t o n , d e u t e r o n , and heavy ions i s 
e a s i l y a v a i l a b l e with the h e l p of a c c e l e r a t i n g machines , such as 
the V;an-de-Graaff g e n e r a t o r , the cockroft Walton a c c e l e r a t o r , the 
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cyclotron, and the pelletron. Particle beams so obtained may be 
used for the bombardment with a variety of targets and this 
facility enables us to study experimentally various types of 
nuclear reactions and phenomena, produced in nuclides covering 
the periodic table. 
The study of nuclear reactions provides knowledge about 
the nature of nuclear forces and nuclear structure such as shell 
effect [1,2] nuclear density [3] and the nuclear reaction mecha-
nisms [1,2,4-8]. The study is also useful in the construction of 
nuclear level schemes. The only way to delve the secretes of 
nucleus is,to send in a probe particle and to study the outcome. 
In practice the target is bombarded with a beam of particles. 
In the beginning only the direct and compound nucleus 
reactions were known. The compound nucleus mechanism is more 
appropriate at relatively lower energies, while the direct 
reaction mechanism is more probable at higher energies of 
excitation. According to the compound nucleus theory, the 
reaction takes place in two steps. First the formation of the 
compound nucleus and sharing of incident energy among all the 
nucleon and in second step the compound nucleus decays to the 
final products [lO]. The mode of decay and formation of the 
compound nucleus are different to each other, except for the 
requirement of various conservation laws [ll,12]. In direct 
reactions, the incoming particle goes directly into an empty 
particle orbit of the target nucleus. The excess energy of the 
: 3 : 
p a r t i c l e i s emLtted in the form of gamma r a d i a t i o n s . After the 
development of isochronous cyclotron in 1960, the p r o j e c t i l e s 
exci ted upto very high energies became avai lable [13] and the 
experimental fea tures of the nuclear r eac t ions were studied by 
several i n v e s t i g a t o r s and they pointed out t h a t some reac t ions 
took place in between of the time scale of the d i r e c t reac t ion 
and the compound nucleus r e a c t i o n . They manifest themselves in 
high energy t a i l s of the e x c i t a t i o n funct ion, non-Maxwellian 
hard components in the p a r t i c l e spectra and a gradual ly changing 
pa t t e rn of angular d i s t r i b u t i o n s , from forward peaking to fore-
and -off symmetry. These new experimental f ea tu res could ne i ther 
be explained by compound nucleus model nof by d i r e c t reac t ion 
model [14-16] . The energy spectrum of a p a r t i c l e in high energy 
nuclear r eac t ion i s shown in f i g . 1. In th i s f igure the broad 
peak in the low energy region corresponds to evaporat ion from a 
compound nucleus, while the sharp peaks in the high energy region 
correspond to population of low lying s t a t e s in the res idua l 
nucleus which can be a t t r i b u t e d to the d i r e c t r e a c t i o n s . The 
smooth d i s t r i b u t i o n in between these two extremes may be 
a t t r i b u t e d to the pre-compound or pre-equi l ibr ium decay [ l , 3 , 1 7 ] . 
The pre-equi l ibr ium may be considered as a bridge between 
the two extremes [18-24] . A s e r i e s of complicated c o l l i s i o n s 
ins ide the nucleus follows the i n i t i a l i n t e r a c t i o n and there 
stands a ce r t a in p robab i l i t y for p a r t i c l e emission af ter each 
one of these c o l l i s i o n s . In these intermediate processes the 
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degrees of freedom are involved i . e . the number of exci ted 
p a r t i c l e s and holes which share the exc i t a t i on energy of the 
intermediate system i s small . The study of pre-equi l ibr ium 
phenomena i s useful in fusion feactdrndesign [25] , rad io therapy 
[26], space explora t ions [27] and as t rophysics [ 2 8 ] . As the 
exact law governing the nucleon-nucleon i n t e r a c t i o n is unknown, 
so i t is not possible to give a general mathematical descr ip t ion 
of a nuclear r eac t i on . Which i s a many-body nucleon-nucleon 
i n t e r a c t i o n . As an a l t e r n a t i v e , the model approach i s used to 
explain the f a c t s . These models are proposed on reasonable 
assumptions and guided by some experimental observat ions without 
r e a l l y solving the dynamics of many body systems [ 2 9 ] . The most 
important models are ( i ) In t ranuc lea r cascade model (2) Harp-
Miller-Berne model (3) Exciton model (A) Hybrid model (5) Geometry 
dependent hybrid model. 
The in t ranuc lea r cascade (INC) model gives a c l a s s i c a l 
approach to precompound decay [ 3 0 , 3 1 ] . The t r a j e c t o r i e s of the 
nucleons are followed one at a time during the cascade u n t i l 
some a r b i t r a r y energy genera l ly considerably above the average 
equil ibr ium value has been a t ta ined by the nucleon (Monte Carlo 
methods) [ 3 2 ] . The numerical simulation of the sca t t e r ing process 
i s based on experimental free nucleon-nucleon sca t t e r ing cross-
sect ions and angular d i s t r i b u t i o n . Upto 1975, t h i s was the only 
pre-equi l ibr ium model capable to p red i c t angular d i s t r i b u t i o n s 
of emitted p a r t i c l e s . 
: 6 : 
The Harp, Mi l le r and Berne (HBM) [33] model suggested in 
1969 can p red i c t both shape and absolute c ross - sec t ion of spec t r a . 
This model i s associated with a couple of d i f f e r e n t i a l equations 
to solve the problems by computer and can be applied to nuclear 
induced reac t ion a t moderate exc i t a t i on energy [ l3 ] . The to t a l 
e x c i t a t i o n energy of the nucleons i s divided in to b in s . The 
number of s ingle p a r t i c l e l e v e l s in each bin i s ca lcula ted using 
a Fermi gas d i s t r i b u t i o n and s to red . The occupation of nucleons 
in each bin changes in time due to the in t r anuc lea r c o l l i s i o n s . 
The evolut ion of t h i s exci ted nuclear Fermi gas i s followed 
through numerical computation of the r e l a t i v e occupation of each 
bin as a function of time by solving the se t of coupled d i f f e r -
e n t i a l equa t ions . The in te rna l t r a n s i t i o n and the p a r t i c l e 
emission into the continuum are ca lcula ted s t a t i s t i c a l l y and the 
c ross - sec t ion for each process i s divided accordingly. The two-
body t r a n s i t i o n r a t e s are ca lcu la ted using nucleon-nucleon 
sca t t e r ing c ros s - sec t ions and t r a n s i t i o n r a t e s in to the continuum 
are ca lcula ted by using inverse c ross - sec t ions and free p a r t i c l e 
phase space f a c t o r s . In the c o n t r a s t to the INC model. This 
model permits a quan tum-s ta t i s t i ca l t reatment , although in 
prac t ice the t r a n s i t i o n r a t e s are computed in a c l a s s i c a l manner. 
However, i t can not p red ic t angular d i s t r i b u t i o n s . Another 
p r a c t i c a l disadvantage of the Harp-Miller-Berne model is i t s com-
puta t iona l complexity. To remove th i s problem of computational 
complexity, the exciton and hybrid models are developed by taking 
addi t ional assumptions. 
The exci ton model i s capable to expla in the s i m i l a r i t i e s 
of spec t ra l components beyond the evaporation maxima from 
d i f f e ren t t a rge t s [14] , This model was proposed by Gr i f f in . 
In th i s model each s t a t e i s charac ter ized by the number of exci ted 
p a r t i c l e s (p) plus holes (h) defined with respec t to the Fermi 
energy of the t a r g e t s and assume a s t a t i s t i c a l population of 
these s t a t e s in the e q u i l i b r a t i o n sequence. With increase of 
p a r t i c l e (p) and hole (h) number tov/ards the e q u i l i b r a t i o n valuo, 
the p robab i l i ty of emission of any p a r t i c l e decreases exponen-
t i a l l y and hence the emission r a t e . Instead of t racinq the 
evolution of the occupation of each energy bin as in the 1MB 
model, one merely t races the temporal development of the exciton 
number n , which changes in time, a s a r e s u l t of in t ranuclear 
c o l l i s i o n s . This assumption makes pre-equi l ibr ium theory 
emenable to p r a c t i c a l c a l c u l a t i o n s . 
The hybrid model proposed by Blann in 1971, i s the 
combination of simplifying aspects of HMB model and Gri f f in 
model [34 ,35 ] . Excited p a r t i c l e s population during equ i l i b r a t i on 
are ca lcula ted assuming equally spaced single p a r t i c l e s t a t e s , 
c l a s s i f i e d according to the number of p a r t i c l e s and holes they 
contain as in Gr i f f in exciton model. The in t ranuclear t r a n s i t i o n 
r a t e s (Matrix clement) are determined from free nucleon-nucloon 
sca t t e r ing c ross - sec t ion as in HMB model. A fur ther formulation 
i s made in which nuclear geometry e f fec t s are also considered and 
the modified model i s named as geometry dependent hybrid model 
[ l 3 ] . The d e t a i l of ttie se modols i s given in th(? chapt^^r TI. 
: 8 : 
Bohr bombarded the gold f o i l wi th a - p a r t i c l e and observed 
the outcomes, to c a l c u l a t e the s i z e of nuc l eus i This p a r t i c l e i s 
s t i l l r egarded as most use fu l probe fo r l e a r n i n g the shape of -the 
n u c l e u s . Due to the complex s t r u c t u r e , i t i n t e r a c t s wi th the 
m a t t e r in a compl ica ted way. However, i t s a t t e n u a t i o n in n u c l e a r 
m a t t e r r e s t r i c t s the i n t e r a c t i o n to the low d e n s i t y sur face r eg ion 
of the n u c l e u s , p a r t i c u l a r l y i f the a lpha p a r t i c l e bombarding 
energy i s not too h i g h . In the h igh energy n u c l e a r r e a c t i o n 
s t u d i e s the a - p a r t i c l e i s r ega rded as an impor t an t p r o j e c t i l e . 
I t he lps in p o p u l a t i n g the high angu la r momentum s t a t e s by 
impar t ing [4] the c o n s i d e r a b l e angu la r momentum to the t a r g e t 
nuc leus and hence v a r i o u s types of the n u c l e a r r e a c t i o n s can be 
s t u d i e d . 
A l o t of work has been done on n u c l e a r r e a c t i o n s cover ing 
almost whole p e r i o d i c t a b l e [ 3 6 - 4 3 ] . The s i t u a t i o n of r e a c t i o n 
mechanism i s no t s a t i s f a c t o r y over a wide range of p e r i o d i c t ab l e 
and energy of p r o j e c t i l e s . The expe r imen ta l r e s u l t s observed by 
d i f f e r e n t group of workers a re no t in good agreement with the 
r e s u l t s c a l c u l a t e d t h e o r e t i c a l l y . In o rde r to have a more a c c u r a t e 
knowledge, i t i s neces sa ry to measure the r e a c t i o n c r o s s - s e c t i o n . 
In the p r e s e n t exper iment the a - induced r e a c t i o n s in •'•' ' 
-'••'•^In; •'•^^Sb, ^^^Sb, "'•^•'-Ir, ^ ^ ^ I r have been s t u d i e d . For t h i s 
purpose , the t a r g e t s made of n a t u r a l indium, antimony and i r i d i u m 
were bombarded s e p a r a t e l y , w i th the beam of a - p a r t i c l e s of 50 MeV, 
55 MeV, and 55 MeV r e s p e c t i v e l y and the s t ack f o i l a c t i v a t i o n 
: 9 
technique was followed. This a - p a r t i c l e s beam was obtained from 
Variable Energy Cyclotron Centre, Calcut ta and the a c t i v i t i e s were 
counted by analyzing the gamma rays emitted from res idua l nuclei 
in the time lapse between the bombardment of the t a rge t f o i l s and 
the counting of the gamma rays emit t ing from them. The charac te r -
i s t i c gamma rays were detected by-100 cm ORTEC Ge(Li) d e t e c t o r . 
The gamma ray spectra were taken with the help of p re -ca l ib ra ted 
multichannel analyser and associated e l e c t r o n i c s . Other expe r i -
mental d e t a i l s are given in chapter IV. The exc i t a t i on function 
^ 113T / \116ou 113T / o_\115ou. 115-, / \118_. 115., / „ \ for InCa,n) Sb, Inva,2n) Sb, In(a ,n) Sb, In\a,2n) 
Sb, In(a,3n) Sb, In(a,pn) Sn, In(a,2p) In, 
121_ . . N124T 1 2 1 „ , / r, \ 123 , 121^, , . ^122^. 121„, / ^ N 121^ Sb(a,n) I , Sb(a,2n) I , Sb(a,4n) I , Sb(a,p3n) Te 
l " s b ( „ , n ) ^ 2 6 j ^ 1233^(a,3n)124j_ 123^^^^^^^^123^^ " 4 r ( < x , n ) " % u , 
l ' l l r ( a , 2 n ) l " A u , 191lrCa.3n)192Au, ^^hr{a,4n)'''^h^, " ^ I r t a . S n ) 
^'°Au, l ^ I r C a . a n j ^ ^ u , l " l r ( a , 4 n ) l ' \ u and l " l r ( a . 5 n ) " 2 ^ , 
have been measured. The pre-equi l ibr ium f rac t ion for these 
elements have also been es t imated. 
The e x c i t a t i o n function of the aforesaid reac t ions have 
also been ca lcula ted t h e o r e t i c a l l y . These ca lcu la t ions were done 
by using ALICE/LIVERMORE-82 [44] computer code. This code helps 
in ca l cu la t ions of pre-equi l ibr ium, compound/s ta t is t ica l f i s s ion 
in the general framework of Weisskopf-Ewing evaporation model [45 ] , 
the Bohr-Wheeler model [46,47] for f i s s ion and the hybrid and 
geometry dependent hybrid model [34,35] for pre-equi l ibr ium decay. 
I t i s very much useful for the study of e x c i t a t i o n functions of 
neutron, proton, deuteron and a - p a r t i c l e induced r e a c t i o n s . The 
10 : 
less necessity of the input parameters makes it more purposeful. 
There are very few options to the user. Other details of the 
code are given in the chapter III. A comparison between the 
excitation functions measured experimentally and calculated 
theoretically is also made and it is found that the experiment 
is in good agreement with the theory. The detailed discussion 
of the comparison is given in chapter V. 
The excitation functions for the reactions in * In 
191 193 
and ' Ir have been reported for the first time to the best 
of our knowledge [48,49]. 
: 11 : 
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CHAPTER-II 
NUCLEAR REACTION THEORIES 
Today the a c c e l e r a t o r t echnology i s very much deve loped , 
t h e r e f o r e e a s i l y a beam of l i g h t p a r t i c l e s as wel l as the heavy 
ions can be o b t a i n e d for the bombardment wi th a v a r i e t y of t a r g e t s . 
However, u n l i k e the e l e c t r o magnet ic i n t e r a c t i o n s , t h e e x a c t law 
governing nuc leon-nuc leon i n t e r a c t i o n i s unknown. Therefore , i t 
i s not p o s s i b l e tO' give ' a mathemat ica l d e s c r i p t i o n of a nuc l ea r 
r e a c t i o n which i s a many body nuc leon-nuc leon i n t e r a c t i o n . As 
an a l t e r n a t i v e , the model approach i s used to e x p l a i n the f a c t s . 
These models a re proposed on r e a s o n a b l e assumptions and guided 
by some e x p e r i m e n t a l o b s e r v a t i o n s wi thou t r e a l l y so lv ing the 
dynamics of many body system [ ! ] • 
Mos t ly , on the b a s i s of t ime , the n u c l e a r r e a c t i o n s are 
d iv ided i n t o two c a t e g o r i e s i . e . , d i r e c t r e a c t i o n s and the 
compound n u c l e a r r e a c t i o n s . The r e a c t i o n s which occur w i th in 
the time ("— 1^0 sec) taken by the p r o j e c t i l e to c r o s s the n u c l e a r 
d iameter a re c a l l e d d i r e c t r e a c t i o n s while the r e a c t i o n s which 
take p lace a t the end of very l a r g e number of i n t e r n a l c o l l i s i o n s 
and t h e r e f o r e t a k e s compara t ive ly a long time(v—.lo" sec) are 
compound nuc leus r e a c t i o n s . 
In between of the d i r e c t and compound nuc leus r e a c t i o n s , 
i n t e r m e d i a t e p r o c e s s e s are l i k e l y to o c c u r . These i n t e r m e d i a t e pro-
: 16 : 
cesses are named as the pre-equi l ibr ium decay. The nature of 
such type of the reac t ions i s d i f f e r en t from the compound nucleus 
reac t ion and the d i r e c t r eac t ions and inexpl icable by ex i s t ing 
d i r e c t r eac t ion or compound nucleus models [2-4] . To explain the 
experimental f ac t s many semi-c lass ica l models have been proposed 
[ 5 - 1 2 ] . Apart from these semi-c lass ica l models of the nuclear 
reac t ions for the successful reproduction of the e x c i t a t i o n 
function data , e f f o r t s are in progress to give fu l l quantum 
mechanical p ic tu re [13-19] in the frame work of mul t i s tep theor ies 
proposed by Feshback e t . a l . [ l 7 ] and others [16 ,18 ,19 ] . The semi-
c l a s s i c a l models which are mostly used to explain the pre-
equi l ibr ium decay processes are c l a s s i f i e d as: 
1. In t ranuc lea r Cascade Model 
2 . Harp-Miller-Berne (HMB) Model 
3 . Exciton Model 
4 . Hybrid Model 
5. Geometry Dependent Hybrid Model 
2.1 Compound Nucleus Theory 
Bohr [20] in 19363suggested that a nuclear reaction could 
be considered to take place in two steps. First, the formation 
of compound nucleus by the combination of the target nucleus and 
bombarding particle. Second, the disintegration of compound nucleus 
into the products of the reaction. The two stages are independent. 
The compound nucleus can disintegrate in various possible ways 
: 17 : 
which do not depend on the mode of production. The assumptions 
are cons i s t an t with the idea t h a t the nucleus i s made of a number 
of nucleons held together by shor t range fo rces . As the incident 
p a r t i c l e en te r s the t a r g e t , i t loses i t s energy which is shared 
by a l l the nucleons in the nucleus before the emission of any 
p a r t i c l e . The compound nucleus may e x i s t in numerous exci ted 
v i r t u a l s t a t e s or l eve l s [ 21 ] , In order to ca l cu la t e the 
c ross - sec t ion of a nuclear r e a c t i o n , the c ross - sec t ion of two 
processes should be ca l cu l a t ed . 
Each exci ted s t a t e of the compound nucleus has a ce r t a in 
mean l i f e - t ime X • The nucleus e x i s t s in exci ted s t a te for a 
ce r t a in average time before the decay with the emission of a 
p a r t i c l e or a gamma ray . The p robab i l i t y of decay of the compound 
nucleus i s expressed in terms of the energy leve l width which i s 
given as: 
^ h h > 
r = 2 ^ = - 2 F - ( 2 . 1 ) 
where X = decay cons tant . 
This level width is regarded as the uncer ta in ty ^.E in the 
energy of a s t a t e . The t o t a l width T" i s the sum of the 
p a r t i a l width for each mode of decay. 
y " = y a + Tb + y c + e tc ( 2 . 2) 
The t h e o r e t i c a l ca l cu la t ion of c ross - sec t ion has been 
: 18 : 
carried out by Breit and Wigner (l936) for an isolated resonance. 
The result is simply quoted: 
2 -p -p 
a(a,b) a(|^) 1 *" 2 ^^'^^ 
(E-E') + (f) 
where 
E' = Energy of level of compound nucleus 
E = Energy with which compound nucleus is formed 
a = Incident particle, b = Outgoing particle 
A «! de~Broglie wavelength of incident particle 
a(a,b) = Reaction cross-section. 
This formulation is valid only for the light nuclei where the 
excited states are widely spaced. 
For heavy nuclei, the excited states are very close so 
that they form an effective energy continuum hence the cross-
section is calculated by the processes of averaging over many 
levels, -aliowing for the 'overlapping' of neighbouring resonances 
2.2 Statistical Theory 
The statistical theory is based mainly on the three 
assumptions. That are (i) The incident and the target nucleus 
forms a compound nucleus and available excitation energy is 
distributed .among the several particles of the compound nucleus 
—15 
m a random manner , within thev—xio sec. after the formation 
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of compound nucleus, the e x c i t a t i o n energy possibly concentrate 
on any one p a r t i c l e which can escape from the nucleus, 
( i i ) For s u f f i c i e n t l y high e x c i t a t i o n energy, the overlapping 
l eve l s are exci ted and the number of exci ted l e v e l s is too large 
to be t rea ted ind iv idua l ly . This requires Fermi s t a t i s t i c s , 
( i i i ) The mode of decay of the compound nucleus is independent 
of the mode of formation and depends Pnly on i t s energy (E) , 
angular momentum (J) and pa r i t y %, 
In order to ca lcu la te the average r eac t ion c ross - sec t ion 
( a . , ) , the Weisskopf - Ewing s t a t i s t i c a l model [22] i s used. 
According to t h i s model 
^jk = "comp'J' <h '2-4 ' 
where j = Incident p a r t i c l e 
k = Outgoing p a r t i c l e 
a^ , ( j )= Cross-sect ion of the compound nucleus 
^k 
rr- = Branching r a t i o 
With appl ica t ion of the assumption of s t a t i s t i c a l theory^ 
the average t o t a l c ros s - sec t ion of the reac t ion I ( j ,k )L averaged 
over many resonance s t ruc tu re s may be given as [20,23] 
° jk = j ^ ^ " jk j " (2-S ) 
: 20 : 
and with app l ica t ion of the assumption of compound nucleus 
formation;we have 
The sum over t runs over a l l r eac t ion a l t e r n a t i v e s avai lable 
to the compound nucleus . As equation ( 2 . 6 ) i s now val id for 
each J,Ti separa te ly , the f a c t o r i z a t i o n of the c ross - sec t ion as 
in equation ( 2 . 6 ) does not imply tha t the compound nucleus forgets 
i t s t o t a l angular momentum and pa r i t y [ 2 4 ] , 
The r e l a t i o n between compound-nucleus c ross - sec t ion and 
the branching r a t i o can be found by the following r ec ip roc i ty 
theorem: 
n 2 
(2 .7 ) 
a j , J K 
u 
where K. and K. are the wave numbers for the r e l a t i v e motion 
of the pa i r k and j . 
From the equation ( 2 . 6 ) and (2 . 7 ) , we have 
11 2 n 
Gi J = K. a J ( i) ( 2 . 8 ) 
J J comp ^ ^ ~i^ \ ^ « D / 
Each a ^AJ) i s found from the op t ica l model absorption 
c ross - sec t ion a . (abs) for the pa i r j . In terms of the compAeK 
phase s h i f t s <^.. of the o p t i c a l mode Ij we find 
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u l i S 
a . ( a b s ) = -TT ^ (2J+1) (1 - (e Jjlj ) ( 2 . 9 ) 
^ (2J+1) j ^ 3 J j + J j ^ ^ ^ 2 
= Z -vr- E E ( 1 - je J i | ) 
J,71 Kj ( 2 J , + 1) ( 2 J j +1) I=J -S S=Jj .-Jj 
,^ - c o m p j ' ' ^ ^ ) ^2.10) 
where J^ = Spin of the i n c i d e n t p a r t i c l e j . 
By comparing the e q u a t i o n ( 2 . 8 ) , ( 2 . 9) and (2.10)7we g e t 
u 
G, J = E T, ( j ) (2 .11) 
J S , l 
^ i S 2 
where T t ( j ) = 1 - | e jjL | 
By using the e q u a t i o n s ( 2 . 6 ) , ( 2 . 9 ) and ( 2 . 1 1 ) ^ 
we f i n d 
•rt (2J+1) 
•^ •^  K^  J,Ti ( 2 J j + l ) ( 2 J j + i ) S , l 
Z Te'( k) 
(;_3iJj ^ _ . ^ ] (2.12) 
E Tir(t) 
t , S " , 1 " 
In this equation S and t refer to the incoming channel j 
of the reaction, S , t refer to the outgoing channel k 
while S" , l" are summand over all channels ( t) to which compound 
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nucleus can decay. The above expression can also be 
wr i t ten as 
2 
,li"^ H "^ J (2J+1) T. (J ) T. (J ) 
( 2 J j + l ) ( 2 J j +1) -^'^ T t o t ^^ ^ 
(2.13) 
where Ojj^ (E.) = G .. i s the average c ross - sec t ion for the 
reac t ion I + j > L + K when I , L i s in the p. and V 
s t a t e r e s p e c t i v e l y , ti, V are represent ing the bound s t a t e in 
t a rge t nucleus I and res idua l nucleus L r e s p e c t i v e l y . 
T. (J ) = 1 Tp(j) is the t o t a l transmission function for 
forming the s t a t e J in the compound nucleus by a combination 
V- -^ '^ 
of I + j , Ti,(J ) = Z T|(k) i s the t ransmission function for 
S !• "'-
the decay of the J^  into L + Kj T. . (J ) = Z ,, T^ 'U') is 
^°^ t,S" ,JL 
the total transmission function for the decay of the compound 
nuclear state with the spin J and parity TI, which is 
where i denotes the particle in any combination of nucleus 
and particle to which compound nuclear state can decay and 
is any unbound or bound state, in the residual nucleus which is 
: 23 : 
e n e r g e t i c a l l y a c c e s s i b l e from I + j i n t e r a c t i n g with energy 
This i s the g e n e r a l e x p r e s s i o n to c a l c u l a t e the t o t a l 
c r o s s - s e c t i o n of the r e a c t i o n . This i s o b t a i n e d in the frame-
work of Hauser-Feshbach s t a t i s t i c a l theory [ 2 1 , 2 4 , 2 5 ] of nuc l ea r 
r e a c t i o n bu t in any exper iment ; t o t a l c r o s s - s e c t i o n i s taken 
as the average over a l l energy s t a t e s and i s g iven a s , 
2 It IX 
TX j T^(J ) T^(J ) 
^•i I. = ^ ^1 1. = ^ (2J+1) -— 




TAJ ) = E T . ( J ,Z , s ) 
% % , 
and Tj^(J ) = E Tj^(J , I , s ' ) 
As in p r a c t i c e , g e n e r a l l y , t h e t a r g e t s are found in i t s 
ground s t a t e ^ s o p, i s taken as z e r o . 
2 . 3 I n t r a n u c l e a r Cascade Model 
F i r s t of a l l t h i s model was proposed by Serber [26] and 
m o d i f i c a t i o n was done by o t h e r s [27-32] wi th the moto of e x p l a i n -
ing the v a r i o u s e x p e r i m e n t a l n u c l e a r r e a c t i o n d a t a . D i a g r a m a t i c a l l y 
cascade model can be r e p r e s e n t e d as shown in the f i g . 2 . 1 . Here, 
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it can be seen that the succession of two-body interactions is 
followed in three diamensional geometry. In the employed method 
of calculation the trejectories of the nucleons are followed 
one at a time during the cascade until some arbitrary energy 
generally considerably above the average equilibrium value has 
been attained by the nucleon. With the help of such an approach, 
the time evolution of the reaction can be generated but after 
few collisions the actual calculation becomes too much complicated. 
The cascade model is capable to predict angular distribution. No 
other model is capable to do so. In the medium energy range it 
does not predict them well. 
2.4 Harp Miller-Berne (HMB) Model 
The physical description of this model [ll] is described in 
the fig.(2.2).Consider the initiation of the reaction at the time 
To • Energy bins of width 1 MeV are defined, and the number of 
single particle level which are available in each bin are calcu-
lated using a Fermi gas distribution. The calculation can be 
made either beginning with some initial arbitrary population of 
excited particles and holes or with a nucleus in the ground 
state. In the calculation, the fractional occupation of each 
bin is taken as a function of time. The rate of allowed tran-
sitions of all the nucleons in the nucleus for a given incident 
nucleon is calculated as is the rate of emission of excited 
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emission into the continuum are ca lcula ted s t a t i s t i c a l l y and the 
c ross - sec t ion i s divided accordingly. Nucleon-Nucleon s c a t t e -
r ing c ross - sec t ions are used to r ca l cu la t ing the two body t r an -
s i t i o n r a t e s with each energy p a r t i t i o n being assigned equal -a-
p r i o r i p r o b a b i l i t y . The two body transmission r a t e s are ca lcu la -
ted using t r ee p a r t i c l e phase space factor and inverse c ross -
sec t ions . 
After computing the r e l a t i v e p r o b a b i l i t i e s of sca t t e r ing 
in to and out of each bin and,of emission from bins above the 
p a r t i c l e binding energ ies , population of a l l bins are changed 
accordingly, as shown in centre of the f i g . 2 . 2 . The ca lcu la t ion 
i s repeated in un i t s of time shor te r than the N-N c o l l i s i o n time. 
The equi l ibr ium s t a t e in the model i s r ea l i zed by solut ion of a 
s e t of d i f f e r e n t i a l equa t ions . 
La te r , Harp and Mil le r [6] considered the nucleus as 
composed of independent proton and neutron Fermi gases . The 
in te rna l configurat ion of any nucleus a t any i n s t an t 
is specif ied by the proton and neutron occupation numbers. 
There is another considerat ion also t ha t the equi l ibr ium of gases 
takes place through binary nucleon-nucleon c o l l i s i o n s . Corres-
pondingly, a new se t of master equation is obtained, the solut ion 
of which gives the proton and neutron occupation numbers. 
: 28 : 
2.5 Exciton Model 
This model was proposed by Griffin [5]. In this model, 
the problems of following the bin population in time,in Harp 
Miller and Berne model^are avoided by substituting the densities 
of states characterized by particle - hole number with a statis-
tical assumption for the population of each of the intermed*iate 
states in the equilibration sequence. The physical illustration 
of the exciton model is given in the fig. 2.3. In this figure 
a nucleon is shown entering the nuclear potential in the left. 
This state is characterized by Ip Oh state. All the fermions 
are in their ground state. The first interaction may therefore 
lead to a 2p Ih (two particle and one hole) states, and it is 
assumed that all configurations of a given exciton state are 
equally probable. These successive two body interactions may 
further lead either to 3p 2h state, back to initial Ip Oh state 
or even to different 2p Ih state. The assumption of probability 
of the configuration proportional to the density of accessible 
final states has been taken. The number of particles and holes 
in the initial configuration are least. The level densities 
are rapidly increasing functions of increasing particle and hole 
(p-h) numbers, and the system goes predominantly in the direction 
of equilibrium as shown in the fig. 2.3 with the larger arrows 
in that direction. The each intermediate configuration is chara-
cterized by the specific particle hole number. Some fraction of 
these configurations will have atleast one particle with energy 
: 29 : 
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higher than i t s binding energy. With the help of t h i s f rac t ion 
in a given exciton s t a t e , the r e l a t i v e p robab i l i t y of emission of 
a p a r t i c l e from a s t a t e of given exciton number can e a s i l y be 
ca l cu l a t ed . By summing over the contr ibut ion from each s t a t e , 
the t o t a l spectrum emitted p r io r to equi l ibr ium may be ca lcula ted 
on the r e l a t i v e b a s i s . 
I t i s to be noted tha t for the simplest s t a t e s there is 
h ighest p r o b a b i l i t y of having high k ine t ic energy p a r t i c l e 
emission^as the average e x c i t a t i o n per p a r t i c l e must be h ighes t . 
With increasing p a r t i c l e (p) and hole (h) number, the p robab i l i t y 
of emission of any p a r t i c l e decreases exponent ia l ly and hence the 
emission r a t e . The main assumption which has been taken in t h i s 
model is t ha t every configurat ion of each intermediate s t a t e 
occures with a equal p r io r p robab i l i t y during the equ i l ib ra t ion 
process . 
The ro le of level dens i ty in the exciton model i s very 
important. Single p a r t i c l e d e n s i t i e s are often used to ca lcu la te 
the exci ton level d e n s i t i e s , assuming the nucleus to be degenerated 
Fermi gas with equi d i s t a n t l e v e l s [ 2 8 ] . The expression of 
William [33] for the p a r t i c l e - h o l e densi ty in the uniform spacing 
model i s given below 
n-1 
g[gE - A(p,h)] 
P (E) = (2.15) 
n p( hi ( n - l ) ! 
where n = p+h 
2 2 
and A(p,h) = ^ (p +h ) + 1 (p_h) - ^ h 
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While the Er i c son ' s expression [34] for ca l cu la t ing the single 
p a r t i c l e l eve l densi ty jo a t e x c i t a t i o n E i s given as 
n-1 
f (E) = (2.16) 
n PI hj (n - l ) 
With the assumption t h a t for the n-exciton s t a t e s ^ i n which a t least 
one p a r t i c l e i s a t an energy ^ +B above the Fermi Energy, the 
f rac t ion i s given as 
/• (U,6) / i ' (E) = f> {\J,^)/S> (E) (2.17) 
n n p,h p,n 
where 
U = Exci ta t ion energy of the r e s idua l nucleus 
£^  = Channel energy of the emitted p a r t i c l e 
The p robab i l i t y of decay from n exci ton s t a t e is 
expressed as 
^ n ^ ^ ' ^ ) 4up dp rfV 
i^  ( e ) de = (2s+l) [ ] - ^ 3 . — - X^ 
n P (E) ^^ -^ " 
n (2.18) 
Where X. denotes the l i f e time of an n exci ton s t a t e , the 
n 
other fac tors being the p a r t i c l e spin degeneracy, the phase space 
and p e n e t r a b i l i t y f a c t o r s . The t o t a l decay p robab i l i t y can be 
obtained from equation (2.18) by subs t i t u t i ng for level dens i t i e s 
: 32 : 
from equation (2.15) and summing i t from i n i t i a l exci ton number 
n© to equi l ibr ium exciton number n in s teps of An = +2 
P ( e ) de = E P (€ )d£ 
(2s+l)mc a n , , "^ "^  
1^3 ^ E (^) p(n- l ) x,^ de Tc T\ QE n=n 
^ o 
^"=-'^ (2.19) 
The value of the mean l i f e time -r can be calculated on 
the r e l a t i v e bas i s [35] given as following 
where 
|M| = Matrix element for the res idua l two body in te rac t ion 
P ,(E) = The densi ty of access ib le f i n a l s t a t e 
Xn ni ~ Trans i t ion r a t e from an i n i t i a l exci ton s t a t e (n) 
"»" to a f ina l s t a t e ( n ' ) . 
The expressions for the in t e rna l t r a n s i t i o n r a t i o s given 
by the Willium [33] are following 
^ 3 2 
2TI . - . 5 ^ 
^ (n+l) 
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X- = 1^ |M| g P h (n-2) (2.2Z) 
K - ^ I'^i 9^^ ti (3n-2)] (2.23) 
where 
^ = Relative Internal transition ratio for An = +2 
\ _ = Relative internal transition ratio for z^n = -2 
^ = Relative internal transition ratio for ^n = 0 
It may be seen from these results that Xn+2 ^^ '^ n-2 
if n << n. Assuming that '^ +^2 ~ ^n-2 ^^ equilibrium 
(n = n), it follows that 
n = fl^ (2.24) 
The matrix element |M| for res idua l two body in te rac t ion 
i s not well known. In the expression_,given by William, the average 
a t r i x element |M| i s used. I t i s reasonable to assume the 
energy independent matrix elements [8] and energy dependent 
a t r i x elements a t low and high exc i t a t ion energies r e spec t ive ly . 
The expression for the energy dependence of matrix element given 
by the Kalbach-Cline [36] is as following: 
_ 2 - 3 - 1 
Ml = F M. A E (2.25) 
m 
m 
: 34 : 
where A = Mass number 
E = Exci ta t ion energy of the compound system 
FM = An adjustable parameter ranging from 
95-7000 MeV^ [37] 
Recently proposed expressions [38] for the res idual two 
body matrix element are a s following: 
2 1/2 1/2 
A e 
(2 .26 ) 
_ 2 FM ^ -^/^ |M | (n,E) = - J - {rj-^) 2 MeV 4 e < 7 MeV 
A e 
(2 .27 ) 
IMI ( n , £ ) = — 7 MeV 4 e 4: 15 MeV (2 .28 ) 
A^e 
2 1/2 
|M| (n,E) = ^r {^^^) 15 MeV < e (2.29) 
A e ® 
p 
Where ^ = ^ Is ca l led the average e x c i t a t i o n energy per 
exciton. 
2 .6 Hybrid And Geometry Dependent Hybrid Model 
In the hybrid model,the f r ac t ion of pre-equi l ibr ium decay 
i s p red ic ted . This f rac t ion of pre-equi l ibr ium decay is considered 
as the function of exc i t a t i on energy, t a r g e t mass and charge^and 
: 30 : 
the type of p r o j e c t i l e . This model was proposed by Blann [9] 
and is incorporated by the basic p r inc ip le s of the exciton 
model and those of the Harp-Miller and Berne (HMB) model. In 
t h i s model the exci ted p a r t i c l e populations during equ i l i b r a t i on 
are ca lcula ted using p a r t i a l s t a t e d e n s i t i e s according to the 
excAton model. The ca lcu la t ion of in t ranuc lear / t rans i t ion r a t e s of 
the exci ted p a r t i c l e s are done from the c a l c u l a t i o n of mean free 
path of nucleons in nuclear matter as in the HMB model. The mean 
free paths are evaluated e i t h e r from N-N s c a t t e r i n g c ross - sec t ion 
or from imaginary opt ica l {Dotential [39] . F i n a l l y , th i s mean free 
path is divided by p a r t i c l e ve loc i t y to obtain the nuclear 
t r a n s i t i o n r a t e s . The expression to ca lcu la te the pre-equi l ibr ium 
decay p robab i l i t y in the hybrid model is given as [7,40] 
P (C )de = E [nP ; g dt ] [- ; ]D 
n 
= I n P (C )de (2.30) 
n=n^ 
where 
n P = The number of p a r t i c l e s of the type x 
[n P^ gdg ] = The numb'^ r of p a r t i c l e s of tvpe 
/ „ u(E) emitted in the energv range £ to 
36 : 
[ ] = The p r o b a b i l i t y of the p a r t i c l e s being 
n+2^^^ e m i t t e d i n t o the continuum 
A r ^ ^ ) ~ Rate of i n t r a n u c l e a r t r a n s i t i o n s 
Dn = P o p u l a t i o n surv ing p a r t i c l e emiss ion 
from s imple r s t a t e s . 
A f u r t h e r fo rmula t i on [ l o ] was made in which nuc l ea r 
geometry e f f e c t s were a l s o cons ide red and was named as the 
geometry dependent hybr id model . This model i s based on the 
impact pa rame te r s f o r the p a r t i a l waves i n i t i a t i n g the r e a c t i o n . 
I t was assumed t h a t the r e a c t i o n i n i t i a t e d by each p a r t i a l wave 
proceeds in the s p h e r i c a l s h e l l - s h a p e d r eg ion of t h i c k n e s s with 
r a d i u s def ined by the i n i t i a l impact p a r a m e t e r . In p r e -
e q u i l i b r i u m formul ism, the d i f f u s e d su r face p r o p e r t i e s sampled 
by the h ighe r pa rame te r s were c rude ly i n c o r p o r a t e d . In GDH model, 
the energy d i f f e r e n t i a l p r e - e q u i l i b r i u m c r o s s - s e c t i o n for p a r t i c l e 
emiss ion i s given as 
d a x ( € ) 2 0, 
= V. -X E ( 2 l + l ) T, P , ( l , € ) (2 .31) 
d€ t o '- ^ 
The p r e - e q u i l i b r i u m decay p r o b a b i l i t y i s c a l c u l a t e d as the 
func t ion of n u c l e a r l e v e l d e n s i t y . This n u c l e a r l e v e l d e n s i t y i s 
given by the Fermi d e n s i t y d i s t r i b u t i o n as 
: 37 I 
d(Rj^) = ds [exp (Rj. - C ) / 0 . 5 5 fm + l ] (2 .32) 
where ds = s a t u r a t i o n d e n s i t y of n u c l e a r m a t t e r 
C = Charge r a d i u s 
R£ = Radius of 1th p a r t i a l wave 
This charge r a d i u s can be given as [41 ,42] 
2 
1.18 A 
1/3 ^^ ^ 
c « I . 1 8 A " ' ~ [ I - ( — - — r r ^ ) ] + (2 .33) 
and t h i s Rj^ can be expressed as 
RiL = %{R + 1/2) (2 .34) 
The Fermi energy € ^ and s i n g l e p a r t i c l e l e v e l d e n s i t y (g ) are 
dependent of n u c l e a t m a t t e r d e n s i t y and t h i s may be given as 
2 / 3 
^p(Rjl ) = ^p [ < cl(R5L ) > / ds] MeV (2 .35 ) 
and 
gj^ (R!L ) = [ ^ p / ^ p (R£ ) ] [A/28] (2 .36) 
where 
Ep = Fermi energy a t the s a t u r a t i o n of d e n s i t y 
X = type of p a r t i c l e 
: 38 : 
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The computer can be defined as a device which automati-
ca l ly performs log ica l operat ions on the input information or 
data and outputs the answers according to the preplanned s e t / 
code of i n s t r u c t i o n s stored within i t . Obviously, i t is the 
programmer who does a l l the thinking required to f igure out 
how to solve d i f f e r e n t problems. A user can use the computer 
without knowing much about i t . Different type of the codes are 
required for d i f f e r e n t types of the c a l c u l a t i o n s . Presen t ly , 
to ca l cu la t e the e x c i t a t i o n function of the nuclear reactions_; 
ALICE/LIVERMORE-82 [ l ] computer code has been used. This i s 
made for doing the ca lcu la t ions of pre-equi l ibr ium, compound/ 
s t a t i s t i c a l f i s s i o n in the general framework of the Weisskopf-
Ewing evaporation model [ 2 ] , the Bohr-Wheeler model [3 ,4] for 
f i s s ion and the hybrid and geometry dependent hybrid models 
[5-7] for pre-equi l ibr ium decay. This code i s the revised 
version of the ALICE [8] and OVERLAID ALICE [9] codes. ALICE/ 
LIVERfvlORE-82 computer code is used to ca lcu la te the exc i t a t ion 
function of neutron, proton, deuteron and a - p a r t i c l e induced 
r e a c t i o n s . This code is best in view of the l e s s requirements 
of code space and running time. I t requi res l e a s t necessary 
input parameters of the t a r g e t nucle i and leaves very few options 
to the use r . 
! 42 : 
3.1 Dif ferent Calcula t ions With Code 
This code can successful ly perform the ca l cu l a t i ons and 
combinations of the following types: 
(1) In t h i s code the c a l c u l a t i o n s are based on standard 
Weisskopf Ewing Model [ 2 ] . The emitted p a r t i c l e in 
reac t ions may be e i t h e r neutron ; neutron and deuteron; 
neutron, proton and alpha; or neutron, proton, alpha and 
deuteron. The reac t ions in which the compound nucleus 
are of the e x c i t a t i o n energy upto 200 MeV can be s tudied. 
Residual nuc le i of a grid 11 mass un i t wide by 9 atomic 
numbers deep may be ca lcu la ted as the code is present ly 
dimensioned. In the output the p a r t i c l e spectra can be 
selected as in addi t ion to individual product y ie lds and 
f i s s ion c r o s s - s e c t i o n s . 
The evaporation cascade can be computed with 1 MeV 
bin width with the method described in l i t e r a t u r e [ l O ] . 
In t h i s code, the inverse reac t ion c ross - sec t ion may 
e i t h e r be read- in from cards , computed with a c l a s s i c a l 
sharp cutoff model or by defau l t are computed by a op t ica l 
model subrout ine . 
(2) The upper l i m i t to the enhancement of gamma-ray de -exc i t a t ion 
due to answer momentum e f f e c t s i s obtained by the se lec t ion 
of an s-wave approximation [11 ,12 ] . In t h i s option the 
ca l cu la t ion of ( l ) is performed for every p a r t i a l wave in 
: 43 : 
the entrance channel and it is assumed that the rotational 
energy for each partial wave irrevocably committed to rota-
tional motion and therefore unavailable for particle emission. 
The selection of rotational energy versus J may be done 
either as the rigid spherical rotor value or from the equili-
brium deformed rotating liquid drop model of Cohen et al.[l3]. 
The transmission coefficients for entrance channel partial 
waves have been provided by parabolic model [l4] routine for 
alpha particle or by the optical model routine. 
(3) Using angular momentum dependent ground state and saddle 
point energies, according to Bohr-Wheeler approach [3] the 
evaporation calculation can include fission competition. 
The saddle point energies come from the Cohen et al. rotating 
liquid drop calculations. The calculations are done for each 
partial Wavejupper and lower limit on angular momentum may be 
selected. To modify the liquid drop fission barrier by some 
multiplicative factor as well as the ratio of ground state to 
saddle point level densities (a^/a ) (default = 1). There 
is an option by which we can assume that nuclear emission 
reduces the daughter nucleus angular momentum from that of 
the parent nucleus. This option is not incorporated in the 
present calculation. It is better to use more rigorous codes 
if detail in angular momentum removal becomes more important. 
In this model there is a provision to do precompound calcula-
tions via the hybrid ot geometry dependent hybrid model . If 
this option is selected in conjunction with fission, it is 
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assumed by the authors tha t the f a s t precompound process wil l 
proceed f i s s ion without any competition or increas ing the 
exc i t a t ion ene rg i e s , the f i s s i on and evaporation widths also 
increase and hence th i s assumption may f a i l . 
3.2 Subroutines L i s t In ALICE/LIVERMORE-82 
There are several subroutines in t h i s code: 
3 .2 ,1 Lymass (Binden, Mass) 
For the formation of the compound nucleus and the n, p, 
alpha and d binding energies the LYN^ASS subroutine ca l cu la t e s 
the Q-value for a l l nuclides of i n t e r e s t in the evaporation 
chain. By using the Myers-Swiatecki/Lysekil mass formula [ l 5 ] , 
the ca lcu la t ion i s performed. 
The option e x i s t s (mc > 10) of se lec t ing experimental 
masses where known, using the mass formula only when experimental 
masses are not contained in the table.(MASS). When the experimental 
masses option i s selected [16] , the Q-value and binding energies 
are both computed using experimental masses. The experimental 
nucl id ic mass rout ines (BINDEN, MASS) are ac tua l ly cal led up 
by the LYMASS rout ine-
3 . 2 o l . l pa i r ing Options 
The basic pai r ing options are four in number, avai lable 
in the code through input var iab le (switch) MP, which may be 
MP = 0 , 1 , 2 or 3 . 
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We consider the option MP = 3 . 
The de f in i t i ons of options are as follows: 
MP = 0 By using a mass formula with the odd even pair ing term 
equal to zero for a l l nuc l ides , a l l masses are c a l cu l a t ed . On 
th i s procedure some reac t ion wi l l t e l l t ha t t h i s amounts to odd-
even e f f ec t on l eve l d e n s i t i e s . 
MP = 1 As for MP = 3, but the pai r ing i s taken as zero for 
even-even nuc l ides , — 8 • for odd-even and - ' ^ O for odd-odd 
nuc l ides . This gives a backshifted level dens i ty /pa i r ing 
treatment [ l 7 ] . 
MP = 2 The user wi l l supply pa i r ing values for each nuclide 
in the A by Z array of i n t e r e s t (defined by input parameters 
NA, NZ) . For an array NA + 2 by NZ + 2 _^  pa i r ing values must be 
supplied a c t u a l l y . 
MP = 3 By using e i t h e r experimental masses or Lysekil masses 
a l l masses are ca lcula ted with the pa i r ing term O = ll/^fJ^ 
taking as zero for odd-even nuc l ides . 4- 0 for even-even 
nucl ides and - 6 , for odd-odd nuc l ides . The thermodynamic 
energies are reduced by de l t a when ef fec t ive exc i t a t i ons are 
computed for use in level d e n s i t i e s . 
3 .2 .1 .2 Experimental Masses 
For MC = 10, Lysekil masses are replaced by experimental masses. 
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3.2.2 Over (TLJ) 
These are optical model subroutines used to calculate 
inverse reaction cross-sections for neutrons, protons, deuterons 
and alpha par t ic les . They are used also to calculate reaction 
and partial reaction cross-sections when neutrons, protons or 
deuterons are projecti les. The major part of computational 
time is ordinarily spent in these routines when that are taken. 
3.2.3 Slql 
This is a subroutine which uses classical sharp-outoff 
algorithms to compute inverse reaction cross-sections. The 
algorithms may be found elsewhere [18]. This subroutines 
requires less than 1/, of the time of optical model routine 
OVER. 
3.2.4 Parap 
Other than for incident neutrons, protons or deuterons 
or unless read in as input, all reaction cross-sections and 
partial cross-sections are calculated using the parabolic model 
in routine PARAP. 
3.2.5 Fisrot 
In this subroutine by using the rotating liquid drop 
model of Cohen, Plasil and Swiatecki [l3] , angular momentum 
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dependent liquid drop fission barriers, saddle point and ground 
state energies are calculated. 
3.2.6 Hybrid (MFP. NUCMFP) 
This r o u t i n e i s used to c a l c u l a t e the precompound decay-
using the hybr id [ 5 ] and geometry dependent hybr id models [ 6 ] . 
The p r e s e n t code v e r s i o n s e l e c t s most precompound paramete rs 
for user v i a b u i l t in d e f a u l t o p t i o n s . 
The i n t r a n u c l e a r t r a n s i t i o n r a t e s are supp l i ed by MFP 
s u b r o u t i n e , u s ing nuc l ea r o p t i c a l model [19] and the same 
i n t r a n u c l e a r t r a n s i t i o n r a t e s are supp l i ed by NUCMFP, us ing 
P a u l i c o r r e c t e d nuc leon-nuc leon s c a t t e r i n g c r o s s - s e c t i o n s . 
3 . 2 . 7 PLT/PLEXC 
With the he lp of these s u b r o u t i n e s we can p l o t e x c i t a t i o n 
func t i ons on the o u t p u t device fo r p r i n t e d o u t p u t . 
3 . 2 . 8 SHAFT 
This s u b r o u t i n e comes in use when we want to ge t many 
of the p r i n t s t a t e m e n t s fo r c r o s s - s e c t i o n and s p e c t r a . 
3«3 Formulation 
In a lpha induced r e a c t i o n s t h e r e a re s e v e r a l emi t t ed 
p a r t i c l e s depending upon the s e p e r a t i o n e n e r g i e s and e x c i t a t i o n 
e n e r g i e s of the compound n u c l e u s . The c r o s s - s e c t i o n for e m i t t i n g 
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a p a r t i c l e a t channel energy S may be w r i t t e n as 
2 
(da /d£ ) = u ^ E (2 I+ l ) T,(2S^ +1) x 
V 1=0 i V 
0 1+1 
E T,( € ) E Cr(E,J)/D (3 .1 ) 
1=0 ^ J = | I - 1 | 
where 
•^ = Reduced d e - B r o g l i wavelength of the i n c i d e n t i o n . 
T, = Transmiss ion c o e f f i c i e n t for 1 t h . p a r t i a l wave. 
f{BfJ) = Spin dependent l e v e l d e n s i t y for r e s i d u a l n u c l e u s . 
D = I n t e g r a l of numerator over a l l p a r t i c l e s and emiss ion 
e n e r g i e s . 
Le t us suppose t h a t /"(E^J) i s r ep l aced by ( E , l ) then 
2 
(da /d^ ) ^ = u ;^ E (21+1) T.(2S. +1) x 
^ 1=0 ^ ^ 
CXJ 
E (21+1) T^ ( O Cr(E,l)/D ( 3 . 2 ) 
1=0 ^ 
E(2I+1) T^(€ ) = 2 a v(6 ) m € /UIA (3 .3 ) 
o 
( d a / d ^ ) ^ = E j ^ ' ' l2(2Sv + 1) a v (e ) m^ r ( E , I ) / D ' 
( 3 . 4 ) 
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This assumption is known as s-wave approximation. For further 
simplicity let us assume that the compound nucleus angular 
momentum reasonably represents the average residual nucleus 
angular momentum following particle evaporation. To reach 
the Weisskopf result, let us suppose that the nuclear moment of 
inertia is infinite. Then if 
fiE,l) a (21 + 1) f (6 - EROT^^^^ ^^'^^ 
with EROT^-^^ "" ° ^^'^^ 
we get 
(do/d^ )^ = E cj/2S^ + 1) o (€ )m€ /(€ )/D' (3.7) 
1=0 -L ^ 
which is the expression of Weisskopfo 
Consider the physical meaning of approximations in terms 
of contour diagrams of fig. 3.1. An infinite moment of inertia 
means that there is no level density cutoff at high spin; all 
population above the particle binding energy can emit another 
particle. Assigning a finite moment of inertia reduces the 
phase space for emission from nuclei at high angular momentum, 
as is shown by the hatched region of fig. 3.1. 
The expression for the particle emission and fission 
width, using saddle point and yrast energies based upon the 
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Fig. 3.1 E-J Contour diagram for compound 
nucleus particle evaporation. 
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RLDM are given as 
Tf a (21+1) / ^ [ € -Egp(l) - K]dk (3.8) 
0 
I t wi l l be helpful to comment on the logic of the computer codes 
used to evaluate eqn. (3.1) to ( 3 . 8 ) . To ca l cu l a t e the Weisskopf 
or s-wave approximation, with codes ALICE, OVERLAIDALICE, ALICE/ 
LIVERMORE 82, the core of the code is to be divided into the cha r t 
of the nucl ides as shown in the f i g . 3 .2 . A compound nucleus is 
formed at some e x c i t a t i o n energy and with some c ro s s - s ec t i on . 
Then the Weisskopf ca lcu la t ion i s taken with 1 MeV grid size to 
do the evaporat ion of a neutron, proton, alpha or deuteron s tor ing 
the res idua l nucleus population into the appropria te b in . If 
we se l ec t an s-wave c a l c u l a t i o n , a su i tab le d i s t r i b u t i o n of CN 
exc i t a t i on is used as a s t a r t i n g po in t . Then the control or 
logic moves over to the A-1 bin which i s r e su l t ed by the emission 
of neutron from the compound nucleus . This bin can also be 
resu l ted with the emission of proton, deuteron,alpha p a r t i c l e . 
The res idua l nucle i obtained from the emission of aforesaid 
p a r t i c l e s , are stored in the respec t ive b in s . In t h i s code the 
c ross - sec t ion i s used in the h ighes t energy bin of A-1 and then 
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Fig. 3.2 Logic flow of the ALICE/ 
LIVERMORE-82 code. 
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t h i s c ros s - sec t ion i s r e d i s t r i b u t e d in the same manner. After 
tha t the control comes down to the next r e s idua l e x c i t a t i o n bin 
and the process continues upto the moment a l l the c ross - sec t ion 
r e d i s t r i b u t e d and assumed i t up in the appropria te bins of the 
res idua l nuc l ides . This logic is repeated, going across the 
A as far as requested by an input parameter. After i t the 
control comes down in Z to the nucleus A-1, Z-1 and t h i s 
process i s repeated t i l l a l l c a l cu la t ions are not completed for 
each input parameter. 
In t h i s code, the competition can also be included by 
performing the ca lcu la t ion for each p a r t i a l wave in the entrance 
channel, assuming s-wave approximation or some other a r b i t r a r y 
assumptions. I t has not been included in the present ca lcu la -
t i o n s . 
If one wants more r igorous ca l cu l a t i ons , he should use 
the spin dependent codes ALERT I and I I but we have not corporated 
with t h i s option in our present work. 
3.4 Use Of The Code 
In the present code a stored table of l e v e l d e n s i t i e s 
pow (2000) is used, represented by the formula 
-5 /4 
f (U) = ( U - S ) exp (2 V aCU - S ) ) 
where the value of default option parameter is a = A/9.Here A 
is not the mass number of residual nuclei but that of the compound 
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-5 /4 
nucleus. I t i s useful to replace the pow(IB) by (IB/lO) 
exp (2 f a . IB/IO) where*float of IB' i s the res idua l 
exc i t a t i on times ten; and a represents the mass number of 
res 
the r e s idua l nucleus divided by PLD value in the input parameter 
With th i s we shal l get a space saving and more accurate r e s u l t s 
but CPU time wi l l inc rease . We can get some more exact r e s u l t s 
by using a 1 MeV bin size instead of0.5 MeV. The in t e rpo la t ion 
of the c ross - sec t ion has not been taken in to account within a 
bin r a the r the summation is done near the in teger b in . I t i s 
assumed tha t the p a r t i c l e binding energies are of the order of 
5 MeV. I t i nd ica t e s binning unce r t a in i ty which is very l e s s in 
comparison of o t h e r s . 
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TABLE 3 . 1 
DEFINITION OF SYMBOLS 
T^, T F i s s i o n and p a r t i c l e emiss ion w i d t h s . 
I , J E m i t t i n g and r e s i d u a l - n u c l e u s angu la r momentum. 
S , B I n t r i n s i c sp in and b ind ing energy of p a r t i c l e v 
( w i t h V = n, p , d or a l p h a ) . 
T (C) Transmiss ion c o e f f i c i e n t for K.E. 6 and o r b i t a l 
V" 
angular momentum 1. 
y? , f Level densities at fission saddle point and for particle 
emission^ /'a u'^^^ exp (2Va(U -S )) 
a^, a Single particle level densities at fission saddle 
point and equilibirum deformation used in a^  and a . 
B(I) Rotating liquid drop fission barrier at angular 
momentum I. 
Bf Scaling parameter to adjust the fission barriers. 
E . (I) Rotational energy for a nucleus at angular momentum I 
and equilibrium deformation from RLDM. 
E (I) Rotational energy of a nucleus with angular 
O J-/ 
momentum I at the saddle point deformation from RLDM. 
E Excitation energy in the emitting nucleus. 
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CHAPTER IV 
EXPERIMENTAL DETAILS 
4 . 1 Techniques Of Measurement 
The r e a c t i o n c r o s s - s e c t i o n s may be measured using any of 
the fo l lowing two t e c h n i q u e s : 
1 . In-beam or o n - l i n e t echn ique 
2 . Off-beam or o f f - l i n e t echnique 
4 . 1 . 1 In-beam Technique 
This is the technique in which the irradiation of the 
traget sample and the detection of radiations emitted from the 
product nuclei, is done simultaneously. To study the cross-
section of a particular reaction, we analyse the prompt gamma 
ray spectra associated with the reaction. The decay scheme 
of the residual nuclei should be well known. Due to complex 
gamma ray spectra, sometimes gamma-gamma coincidences are also 
necessary for the proper identification of the gamma rays. The 
gamma ray detector should be well shielded so that background 
neutrons emitted in the reaction may not damage the detector. 
4 . 1 . 2 Off-beam Technique 
In this technique the target is irradiated first, after 
that the analysis of product nuclei is done. That is why this 
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technique is a lso named as ac t iva t ion technique. The beta or 
gamma a c t i v i t i e s associated with the product nucleus can be 
studied by using the appropriate d e t e c t o r s . I t i s very much 
advantageous technique because in th i s technique the reac t ion 
c ross - sec t ion a t several inc ident energies can be studied with 
a s ingle i r r a d i a t i o n by arranging the t a r g e t f o i l s in the form 
of a s tack . On the other hand t h i s technique i s l imited to 
those isotopes only, which are s table but t he i r product nuclides 
are unstable and have convenient half l i v e s because the de tec t ion 
of r ad ia t ion coming from the product nucle i and the i r r a d i a t i o n 
of the t a rge t nucle i are done separa te ly so there is some lapse 
of time between these two processes , the re fore , if the half l i f e 
of the product nucleus i s very shor t , then the a c t i v i t y due to 
t h i s product nucleus wi l l decay ou t . Moreover, the decay scheme 
of the product nucle i should be properly e s t a b l i s h e d . We have 
many advantages inherent in t h i s technique due to high s e n s i t i v i t y 
with which t h i s induced a c t i v i t y can be detected and individual 
c h a r a c t e r i s t i c modes of decay of each r a d i o - i s o t o p e . Some of 
the p a r t i c u l a r advantages a re ; extremely high s e n s i t i v i t y ; 
s e l e c t i v i t y and p o s s i b i l i t y of non-destruct ive a n a l y s i s . Cross-
sec t ions^^l p,b have been measured [ l ] using a c t i v a t i o n technique. 
P resen t ly , the o f f - l i ne technique has been followed for the 
c ross - sec t ion measurements. 
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4.2 Sample Preparation 
Sample of the elements under study were made from spectro-
scopic - iridium, indium and antimony by using the vacuum evapora-
tion technique in the target division of Variable Energy Cyclo-
tron Centre Calcutta, India. The powder of aforesaid elements 
were deposited onto the aluminium sheets. The target foils 
were square cuts of the side 1.5 cm and accurately v;eiqhed so 
that the thickness of each foil was accurately known. The 
thickness of target foils in different elements varies from 
Hg/cm to mg/cm . These target foils were fixed with the help 
of zepon in acetone onto the aluminium holders having a circular 
hole of diameter 1.2 cm in its centre. The zepon held the target 
foils to the target holders after the evaporation of acetone. 
These target foils with the holders were arranged in the form of 
a stack. In between the target foils the aluminium foils of 
different thickness were also inserted to act as degrader. The 
bombardment of the particular foil with the desired incident 
energy of alpha particle beam was done by selecting proper 
thickness of the degrader. For checking of the background 
activity produced in the target holder two blank target holders, 
one in the beginning and other at the end of stack v/ere put at 
the time of irradiation. 
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4.3 Calibration Of Detector 
For the proper identification of emitted gamma radiations, 
the detector should be accurately calibrated. In fact it is the 
calibration of the pulse height in terms of absolute gamma ray 
energy and this is very important [2,3]. For this purpose, some 
standard gamma ray sources having the gamma energies that are 
not different from those to be measured, are used. In our 
present experiment the lithium drifted Germanium detector 
[Ge(Li)] of active volume 100 cc coupled with multichannel 
analyser and other required electronics was lised to follow the 
activity of irradiated sample. The energy calibration of this 
152 detector was done by using £u gamma standard source. To 
obtain the calibration curve, the calibration data was fitted 
to a straight line using a standard computer programme. Gamma 
rays of our interest present in the spectrum of activated smaple 
could be identified with the help of this energy calibration. 
4.4 Detector Efficiency 
The de tec to r e f f ic iency may be defined as the function 
of the de tec tor geometry and the p robab i l i t y of an in t e rac t ion 
in i t . For the ef f ic iency c a l i b r a t i o n many gamma rays are 
needed which can be obtained from d i f f e ren t individual sources. 
But t h i s method introduces some e r ro r due to non-reproducib i l i ty 
of geometry. These e r r o r s may be removed by the use of s ingle 
source emit t ing many gamma r a y s . In the present measurements 
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152 
Eu gamma point standard source has been used for the determina-
tion of detector efficiency. 
The expression to determine the intrinsic photopeak 
detection efficiency of a gamma point source is as given below: 
C exp( Ai) 
G« (4.1) 
S^. 9. G 
o 
where 
C = Count r a t e under the photopeak 
A = Decay c o n s t a n t of source 
t = Time i n t e r v a l between the da t e of manufactur ing 
of source and the time of expe r imen t 
So = S t r e n g t h of the source 
0 = Absolute i n t e n s i t y of r e l e v e n t gamma ray 
G = Geometr ica l f a c t o r given as G =-A./4ii 
w h e r e - ' ^ i s the s o l i d angle in s t e r a d i a n s ^ s u b t e n d e d 
by the d e t e c t o r su r face f a c i n g the source 
The f a c t o r C can be de termined by measuring the pho to -
peak area for a f i xed pe r iod f o r a l l the gamma peaks and can be 
determined from the dimension and s o u r c e - d e t e c t o r d i s t a n c e . 
Ma thema t i ca l l y t h i s i s given as below: 
= 2T; [1 - ] ( 4 . 2 ) 
V"d^+R^ 
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where 
d = The distance of source from detector surface 
R = The radius of the detector crystal 
To avoid the probable error in geometry factor, we have 
determined the relative detection efficiency by using the 
expression given below: 
C exp (/\"fc ) 
f . G = (4.3) 
SQ . 9 
In our present experiment, C i s measured for 30 minutes 
for each photopeak. During t h i s period of 30 minutes , . the 
geometry of source was kept cons tan t . The values of T, /^ 
(To ca lcu la te A ) and 0 are taken from reference No. [4] 
and the value of SQ i s taken from the data supplied by the 
manufacturer. The geometry dependent de tec t ion ef f ic iency 
curves of 100 cc Ge(Li) de tec to r for d i f f e r en t source de tec tor 
d is tances are shown in the f i g s . 4 , 1 - 4 , 3 . 
4.5 Irradiations 
The t a r g e t samples were i r r a d i a t e d with the diffused 
a-beam of diameter 8 mm by following the stacked f o i l ac t iva t ion 
technique which is genera l ly used for the study of charged 
p a r t i c l e r eac t ion c ros s - sec t ions [ 5 - 1 0 ] , In t h i s technique the 
stack is made by the proper arrangement of the t a rge t f o i l s . 
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F ig . 4 . 1 , 4 ,2 , 4.3 Geometry dependent e f f i c i ency curve for 100 cm 
Ge (Li) d e t e c t o r a t the source-de tec to r surface 
d i s tances d = 3.0 cm, 14.3 cm. 9.3 cm r e spec t i ve ly . 
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In between the t a r g e t f o i l s , the degrader f o i l s can also be 
inser ted to h i t the p a r t i c u l a r f o i l vdth the des i red incident 
energy. I r r a d i a t i o n of the t a r g e t stack was done at Variable 
Energy Cyclotron Centre, Calcut ta ( I n d i a ) . The maximum energy 
of the incident a-beam on the f i r s t f o i l of the stack var ies 
from 50-55 MeV for d i f f e r en t cases and period of the bombardment 
var ies from 1.0 - 1.5 h r s . Since the beam cur ren t f luc tua t ions 
during the i r r a d i a t i o n s were very small?the average incident 
flux was ca lcu la ted by using the t o t a l charge co l lec ted in the 
Faraday Cup. The incident energy on the d i f f e r e n t f o i l s in the 
stack was ca lcu la ted by considering the f o i l th ickness and 
re levent a - p a r t i c l e stopping power. The tab les of Northcl i f fe 
and Schi l l ing were adopted for these ca l cu l a t i ons [ l l ] . The 
unce r t a in i ty of + 0 . 5 MeV in the i n i t i a l beam energy was also 
taken into the cons idera t ion . 
The s tacks were clamped in a water-cooled 'Faraday Cup', 
which was insula ted from the r e s t of the system, in order to 
measure the beam current of the a - p a r t i c l e s s t r i k i n g the t a rge t 
f o i l s . A typ ica l experimental s e t up for the stack i r r a d i a t i o n 
is shown in the f i g . 4*4. 
4.6 Counting Of Produced Ac t iv i ty 
After the i r r a d i a t i o n , the stacks of the f o i l s were 
detached from the 'Faraday Cup' and also the f o i l s were detached 
from the aluminium holders and then one by one f o i l s were brought 
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to the counting room to be mounted in the des i red geometry for 
counting the gamma a c t i v i t i e s . The counting geometry was chosen 
in such a way so t h a t the count r a t e i s appreciable and at the 
same time the dead time of the de tec tor i s low. Use of Germenium 
de tec to r s were preferred for de tec t ing the c h a r a c t e r i s t i c gamma 
ray spectra because t h i s type of the de tec tors have very good 
reso lu t ion and t h i s property helps not only to separate closely 
spaced peak but a l so , n icely de t ec t the weak gamma rays of 
d i sc re t e energies when superimposed on a broad continuum. A 
100 cc ORTEC Ge(Li) de tec tor having a r e so lu t ion of 1.8 KeV a t 
1.33 MeV was used for t h i s purpose. 
The p re -ca l ib ra t ed multichannel analyser was used to 
analyse the gamma ray spec t ra . If any gamma a c t i v i t y i s present 
in the counting room, then i t i s sure tha t i t w i l l affect our 
desired spectra so before taking the spectra of induced a c t i v i t y , 
a background spectrum was taken in order to check the presence 
of any background gamma peak due to contamination of the detector 
surroundings. As our t a rge t f o i l s were made by the deposit ion 
of t a rge t mater ia l on the backing of aluminium sheet so the 
gamma peak in aluminium, if any, wi l l a lso come in our desired 
s p e c t r a j t h a t ' s why th i s f ac t was also kept in mind in the 
analys is of gamma ray spec t ra . The recording time period were 
chosen in such a way so as to ge t the good counting s t a t i s t i c s . 
The recording time was corrected for the dead time of analyser 
system. 
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The reaction products were identified by the character-
istic gamma lines obtained from their decay. The counts under 
the photopeaks were calculated by subtracting the background 
counts from total counts. 
4.7 Formulation 
The expression for c ross - sec t ion of a nuclear reac t ion 
may be wr i t t en from the considera t ion of r a t e of formation of 
a c t i v i t y and i t s decay r a t e . If a t a rge t i s irra'i^iated by a 
p r o j e c t i l e of flux ^ then the ra t e of production (R ) of any 
a c t i v i t y is given as [12,13] 
Rp = cf 4) No (4.4) 
where o is the ac t iva t ion c ross - sec t ion and NQ the number 
of t a rge t nuc le i in the sample under i n v e s t i g a t i o n . The 
mathematical expression of No i s given as 
No = m N f / Ao (4.5) 
where m is the mass of the sample, N i s the Avogadro's number, 
f i s the abundance of the isotope in the t a r g e t and A^ i s the 
atomic mass of the element in amu. 
Let the t a r g e t be i r r a d i a t e d with the inc ident beam for 
the time t-^ to produce a rad ioac t ive reac t ion product y . 
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The equation governing the growth of y-type a c t i v i t y during 
i r r a d i a t i o n can be wri t ten as 
(dy/dt) = 0 (j) No - yA (4.6) 
where A represen t s the decay constant of y-type nuclei and y 
i s the number of rad ioac t ive atoms p resen t . The a c t i v i t y of 
y-type nucle i a t the i n s t a n t of stopping of i r r a d i a t i o n i s given 
by 
W = y . A 
=. 0 (j) No Q - e x p ( - A t ^ ) l (4.7) 
where t , is the time of i r r a d i a t i o n of the t a r g e t . 
The factor [ l - exp(- A t , ) ] i s ca l led as sa tu ra t ion f a c t o r . 
If we measure the a c t i v i t y a f t e r a gap of time t ' from 
the stop of i r r a d i a t i o n then i t i s given as 
(dy/dt) , = W exp(-A t ) 
t= t 
or (dy/dt) , = a (|) No , [ l - e x p ( - A t J ] exp(-A t ' ) 
t= t ^ 
or dy = a (j) No [ l - e x p ( - A t^)] e x p ( - A t ' ) dt ' . ( 4 .8 ) 
If the counting of gamma rays emitted from irradiated sample is 
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done for t^ second after the t2 second of stop of irradiation and^ 
if Uo be the actual number of disintegrations from the radio-r 
active sample recorded in t^ time, then 
Dc = / dy 
or 
t2+t3 
Do = / o 4> No [l-exp(-A t,)] exp(-Xt )dt 
or 
Do = a (j) No [l-exp(-A t,)] / exp(-At')dt' 
or 
a (f) No [l-exp(-Xtj^)] [l-exp(-A t3) ] 
Do = '• (4.9) 
exp( A t2) 
If A is the number of counts under the particular 
photopeak as detected by detector, 6" is the efficiency of the 
detector, G is the geometry factor, 0 is the absolute intensity, 
K is the self absorption correction factor for the gamma ray 
under study which can be calculated as [l4] 
K = [l-exp(-^d)]/nd 
where n = gamma ray absorption coefficient taken from 
reference [l5] 
d = thickness of the target under investigation 
Then, the actual number of disintegrations DQ will be as follows: 
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Do = (A/(- . G. 0 . K) (4.10) 
put t ing the value of D^  in above equat ion; the expression for 
a can be wr i t t en as: 
A exp( A t2) 
a = (j) No 6 G.0.K. [ l -exp( -A t^)] [l-exp(->s t 3 ) ] 
(4.11) 
Thus J using above expression one can ca lcu la te the ac t iva t ion 
c r o s s - s e c t i o n . 
In the present measurements where more than two gamma rays 
are avai lable a t the same energy in any r eac t ion , then the 
experimental c ross - sec t ion value i s taken as the weighted average 
of the individual c ross - sec t ions of these gamma r a y s . This was 
done in following way [ 1 6 ] . 
Let us suppose Xj^  + AXj^, X^  + AX , X^  ± AX-, 
^4 ± A ^4 9^^ ^^^ d i f f e r en t values of a quant i ty , then 
the weighted average of these values can be expressed as 
X = (4.12) 
where the Vi^ i s given as 
1 
W^  = (4.13) 
E W^  (X-X^) 1/2 
The ex te rna l e r ro r = [- ] . (4 14) 
n (n - l ) r W^  \ • / 
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and 
-1 /2 
The in te rna l e r ro r = [ Z W ]^ (4.15) 
For t h i s purpose^ a computer programme has been made by using the 
equation5(4.11) to (4,15) 
4.8 Experimental Resul ts 
In present work the alpha induced reac t ions have been 
measured. The type of the r eac t ions are wr i t t en as (a,xn) 
r e a c t i o n s . Where x = 1 ,2 ,3 , Natural i r idium, indium 
and antimony have been used as the t a rge t samples. The na tura l 
191 193 
iridium has two isotopes I r and I r with the abundance 
37 .3 / and 62,1'/. r e spec t ive ly and the natural indium has the 
isotopes In, In with the natural abundance A.3/., 95 .7 / 
r e spec t ive ly ; while the natural antimony has the isotopes the 
121 123 
Sb and "^"Sb with the natura l abundance 5 7 . 3 / and 42 .7 / 
r e s p e c t i v e l y . The stacks of t he t a r g e t f o i l s were i r r ad i a t ed 
with the alpha p a r t i c l e beam in the channel I of the Variable 
Energy Cyclotron Centre, C a l c u t t a . After tha t various reac t ions 
were observed by taking the spectrum of c h a r a c t e r i s t i c gamma 
l i ne s obtained from the decay of the res idua l n u c l e i . 
In the present measurement various r eac t ions were possible 
but we have studied only those which gave appreciable a c t i v i t y 
for meaningful e x c i t a t i o n funct ion . The possible reac t ion 
channels, r e s idua l nuc le i , Q-value, half l i f e of the res idual 
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nuc le i jenerg ies and absolute i n t e n s i t y of gamma rays pe r t inen t 
to the reac t ion Channels are l i s t e d in the t ab le 4.1 - 4 , 3 . 
The decay data are according to reference 4 . The exc i t a t ion 
function of the r eac t ions are ca lcula ted by following only 
those gamma rays which have the good appreciable absolute 
i n t e n s i t y hence the weak gamma rays are excluded where the 
strong ones are avai lable for the same emit t ing nuclide and 
also these are l i s t e d in the tab le 4.1 - 4.3» The de ta i l ed 
desc r ip t ion of the measurements i s given separa te ly for each 
t a rge t and for each r e a c t i o n . The c ross - sec t ions were ca lcula ted 
by using the equation 4 . 1 1 . The e r ro r s quoted in the measured 
c ross - sec t ion values are externa l only. 
4.8(a) Errors In Measurement 
The es t imat ion of e r r o r s i s necessary because no experiment 
can be done with 100;^  accuracy. In the present experiment, e r ro r s 
were minimised but even then there may be some va r i a t i ons which 
could not be avoided. The es t imat ion of these e r r o r s is b r i e f ly 
discussed below: 
1. The spectrometer should be well s t ab i l i zed to minimize the 
er ror due any type of e r r a t i c behaviour of the equipments. 
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Table 4.1 
Nuclear Spectroscopic Data for the Reaction in * In 
Reac t ion 
^ ^ ^ I n ( a , n ) 
^ ^ ^ I n ( a , n ) 
^ ^ 3 l n ( a , 2 n ) 






l i f e 
15 .8 m 
l.OOSh 








































- 7 .97 
- 7 .97 
- 16.06 
Contd, 
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^^ I n ( a , 4 n ) ^^^Sb 32.1 m 0.489 1.3 - 32.40 
115 l n ( a , 2 p ) ^^"^Sfj^ 
 


























115_ , \ 117ni 
I n ( a , p n ) Sn 13.61 d 0 .156 2.11 - 12.10 
Table 4.2 
tni 
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194m2^„ 
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- 1 0 . 0 9 
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^ ' ^ 4 r ( a , 2 n ) 
^ ' ^ 4 r ( a , 2 n ) 
^ ^ ^ I r ( a , 3 n ) 
^ ' ^ h r ( a , 3 n ) 
I r ( a , 4 n ) 








1 7 . 6 5 h 
167 m 
4 . 9 4 h 
920 ms 
3 . 1 8 h 
0 . 2 1 9 
0 . 2 5 8 
0 . 1 1 2 
0 . 1 7 3 
0 . 1 8 6 
0 . 2 5 5 
0 . 2 6 8 
0 . 4 3 9 
0 . 1 0 3 
0 . 1 0 7 
0 . 1 2 8 
0 . 1 4 6 
0 . 2 9 5 
0 . 3 1 6 
0 . 4 6 8 
0 . 4 7 7 
0 . 6 1 2 • 
0 . 2 4 1 
0 . 2 5 2 
0 . 1 3 2 
0 . 1 6 6 
0 . 1 9 4 
0 . 2 7 7 
0 . 5 8 6 
0 . 6 7 4 
3 .34 
6 6 . 0 0 
2 . 0 0 
2 . 9 0 
10 .10 
6 . 7 0 
3 .90 
1 .91 
n o t known 
- d o -
-doD-
- d o -
2 2 . 7 0 
5 8 . 0 0 
1.75 
1 .08 
4 . 2 7 
.13.70 
6 0 . 0 0 
1.15 
3 .12 
2 . 5 8 
6 .80 
1 6 . 0 0 
6 . 4 0 
C o n t d . . 
- 1 7 . 0 6 
- 1 7 . 0 6 
- 2 5 . 7 1 
- 2 5 . 7 1 
- 3 2 . 6 8 
- 3 2 . 6 8 
» • 
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•'"^•'•Ir(a,5n) •'""^ ^Au 4 2 . 8 m 0 . 2 9 5 7 1 . 0 0 - 4 1 . 7 5 
0 . 3 0 1 2 5 . 1 0 
0 . 3 1 9 5 . 5 0 
0 . 4 4 1 4 . 3 0 
0 . 5 9 7 JO.IO 
I r ( a , 3 n ) •'"'^ "^^ •'•Au 600 ms 0 . 0 0 8 1.50 - 2 4 . 0 5 
0 . 0 0 9 3 2 . 0 0 
0 . 0 1 1 3 4 . 0 0 
0 . 0 1 3 7 .20 
0 . 0 4 5 5 . 3 0 
• ' • '^^Ir(a ,3n) ^^^"^^Au 420 ms 0 . 1 2 8 2 5 . 0 0 - 2 4 . 0 5 
0 . 1 3 7 1 6 . 0 0 
0 . 1 6 2 9 . 3 0 
0 . 1 7 0 2 5 . 3 0 
^ ^ ^ I r ( a , 3 n ) ^^"^^Au 1.646 d 0 . 2 9 3 1 1 . 1 0 - 2 4 . 0 5 
0 . 3 2 8 6 3 . 0 0 
0 . 3 6 4 1 .47 
0 . 4 8 2 1.17 
0 . 5 2 8 1.70 
0 . 6 2 2 1.48 
0 . 6 4 5 2 . 2 9 
1.175 2 . 1 2 
1 .468 6 . 7 0 
Contd 
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•••^^Irla^An) ^'^'^'"AU 3 .9 s 0 . 2 1 9 3 .34 - 2 8 . 5 0 
0.258 66.00 
^ ' ^ ^ I r ( a , 4 n ) "^^^^Au 1 7 . 6 5 h 0 . 1 1 2 2 . 0 0 - 2 8 . 5 0 
0 . 1 7 3 2 . 9 0 
0 . 1 8 6 1 0 . 1 0 
0 . 2 5 5 6 .70 
0 . 2 6 8 3 .90 
0 . 4 3 9 1.91 
•'"*^^Ir(a,5n) "'•'^^'"AU 167 ms 0 . 1 0 3 Not known - 3 9 . 6 8 
0 . 1 0 7 - d o -
0 . 1 2 8 - d o -
0 . 1 4 6 - d o -
•"•^^IrCajSn) -"-^^^Au 4 . 9 4 h 0 . 2 9 5 2 2 . 7 0 - 3 9 . 6 8 
0 . 3 1 6 5 8 . 0 0 
0 . 4 6 8 1.75 
0 . 4 7 7 1 .08 
0 . 6 1 2 4 . 2 7 
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Table 4 . 3 
Nucl 121 123 ear S p e c t r o s c o p i c Data fo r the Reac t i on in ' Sb. 
Reac t ion P r o d u c t Half- Gamma Gamma Q-value 
Nucleus l i f e Energy I n t e n s i t y (MeV) i'A) (MeV) 
^^^3b(a ,n) ^^^ I 4 .18 d 
•'•^•'•Sb(a,2n) ^^^1 13o2 h 
















































































2. The efficiency of the detector is one of the major source 
of creation of error. This error can be minimized by the 
determination of efficiency very carefully and obtaining 
the efficiency curve by using best polynomial fit. 
3. Incomplete charge collection of the Faraday Cup in the current 
integrator reading may also introduce some errors. In the 
present measurement, there was no error due to this factor. 
4. The error in the number of interacting nuclei of the target 
is also a factor to create the error in the result and this 
error is due to the error in the measurement of mass of the 
target sample. To minimize this error, the accuracy in 
cutting of the target to the standard size and use of 
micro balance are the important considerations. Maximum 
error estimated being less than 0,5;^  . 
5. If the time interval between the moment of the start and 
stop of irradiation; stop of irradiation and start of 
counting is not noted down exactly, it may also create some 
errors. In our experiment there was no error due to this 
factor. 
6. At the time of counting the activity, the non-reproducibility 
of identical geometries of the sample may also produce -^ omo 
errors. This error is minimized by fixing the sample in 
fixed geometries. Presently, this error is measured 
less than 0.5^ < , 
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7o The e x c i t a t i o n function may have some e r r o r s due to e r ror 
associated with the decay data of product nucleus obtained 
in the r e a c t i o n . This e r ro r was minimized by using l a t e s t 
avai lable data [ 4 ] . The u n c e r t a i n i t i e s in the r e s u l t s due 
to t h i s fac tor are not included in the u n c e r t a i n i t i e s quoted 
in the experimental r e s u l t s . 
8. One of the main sourse of the e r ro r s i s the s t a t i c a l 
va r i a t i on in the photopeak counts . This wi l l be d i f f e ren t 
for d i f f e r en t gamma photopeaks. In the spectrum^ some peaks 
were not in the standard formidue to the presence of background, 
a t those places the peaks were reformed to come in the Gaussian 
shape. The e r ro r due to t h i s reformation has also been taken 
into the cons idera t ion . 
9 . Another very important fac tor of e r r o r s in the measurement is 
the f luc tua t ion in the beam cu r ren t . Beam current was kept 
most of the time nearly constant and if there was large f l u c -
tua t ion in beam current for appreciable time the data was 
r e j e c t e d . Two or three copper fo i l were inser ted in the stack 
under study to check the value of flux of alpha p a r t i c l e beam. 
Using standard Cu(a,2n) Ga r eac t ion , the a-flux was calcu-
la ted a t two or three ene rg i e s . Mean value of tliis flux was 
found to be very close ' to the flux measured using 
Faraday cup. 
10. The e r ror in the measurement of incident energy of p a r t i c l e 
due to s t ragg l ing is neglec ted . 
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4 . 8 . 1 Target Nucleus J-^-^^HSj^ 
In the present work indium t a r g e t was made by the depo-
s i t i o n of indium metal on aluminium sheet of th ickness 3.83 mg/ 
2 
cm with the help of vacuum evaporation technique a t t a r g e t 
d iv is ion of Variable Energy Cyclotron Centre, Ca lcu t t a . After 
the depos i t ion^ th i s f o i l was cut into ten square pieces of arm 
1.5 cm and these pieces were weighed separa te ly with microbalance. 
The thickness of these pieces of t a rge t f o i l s was found to be 
3.34 mg/cm . These pieces were glued to an aluminium frame having 
a c i r c u l a r hole of diameter 1.2 cm in i t s c en t r e . Then these 
t a r g e t f o i l s were arranged into the form of a s t ack . In the t a r g e t 
s t ack , th ree aluminium f o i l s of thickness 20.387 mg/cm , ten 
2 
aluminium f o i l s of thickness 6.75 mg/cm and two copper f o i l s of 
2 
thickness 10.68 mg/cm were also sandwicheain between the t a r g e t 
f o i l s . The stack arrangement i s shown in the f i g . 4.5 This 
t a r g e t stack was bombarded with 50 MeV diffused a-beam of 
diameter 8 mm. After passing through the t a r g e t s tack, the 
beam was allowed to f a l l on the 'Faraday Cup' so tha t the beam 
current and the t o t a l charge co l lec ted during the i r r a d i a t i o n 
could be measured. The t o t a l inc ident flux on the t a r g e t stack 
was 1.082 X 10 a -par t i c les /cm • s . The reac t ions 
ln^a ,n; Sb, ln^a,2nj Sb, In^a,n7 Sb, In(a ,2n; 
117^. 115, f ^ sll6m„. 115, f . x l l5^ . 115^. , xll7m^ . 
Sb, In(a ,3n) Sb, In(a,4n) Sb, Inia ,pn) Sn and 
In^a,2p) In have been s tudied a t ten d i f f e r en t incident 
a - p a r t i c l e energies v i z . , 21.4 + 1 . 4 MeV, 25.2 + 1 . 2 MeV, 
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29.0 + 1.0 MeV, 3 2 . 2 + 0 . 8 MeV, 35.1 + 0 . 8 MeV, 37.4 + 0 . 7 MeV, 
4 0 . 1 + 0 . 7 MeV, 43.6 + 0 . 7 MeV, 46.8 + 0 . 6 MeV, 50.0 + 0 . 5 MeV, 
The gamma ray spectrum of ac t iva ted indium i s shown in the 
f i g . 4 . 6 . The Q-value of the reac t ions are taken from the 
reference 17,18, 
4 .8 .1 .1 ^^'^ln(a.n) Reaction 
This r eac t i on can take place only when the alpha p a r t i c l e s 
of minimum 8.25 MeV s t r i k e s the t a r g e t or in other words we can 
say tha t i t s threshold energy i s 8.25 MeV. The Q-value of t h i s 
reac t ion i s -7 .97 MeV. In t h i s r eac t ion , the res idua l nucleus 
i s Sb which has two s t a t e s ; metastable s t a te of half l i f e 
T, /2 = 1.005 hours , spin 8~ and ground s t a t e of half l i f e 
T, /2 = 15.8 minutes. Spin 3 . The metastable s t a t e of Sb 
-f-decays through e lec t ron capture mode as well as the p emission. 
In case of metastable s t a t e , the 81;^ decay i s through e lec t ron 
capture mode while the r e s t 19/^  decay is through p emission. 
In ground state;72>< decay is through e lec t ron capture mode while 
28j< decay i s through p emission. 
As the a c t i v i t y produced in the t a r g e t f o i l s was very 
high, so the stack of t a r g e t f o i l s was cooled down t i l l the 
a c t i v i t y reached permissible dose ra t e and t h i s cooling took a 
long t ime. So due to a long gap between s t a r t of counting of 
the gamma rays and stop of bombardment of t a r g e t s tack, there may 







































a c t i v i t y due to metastable s t a t e only could be observed. In 
the ca lcu la t ion of c ros s - sec t ion of t h i s r e a c t i o n , gamma rays 
of energy 0.135 MeV, 0.407 MeV, 0.542 MeV, 0.972 MeV with the 
abundance 29.0yi, 42.0^i, 52.0/<, 72.0j< r e spec t i ve ly were followed 
The decay scheme of Sb is given in the f i g . 4 . 7 . The d e t a i l s 
of parameters used in c ross - sec t ion ca l cu la t ions are given in 
the table 4.4 and so obtained c ross - sec t ions are given in 
table 4 . 5 . 
Table 4.4 
Experimental data for "'"•^ I^nC a. n) •*'•'• ^"^ Sb Reaction 
Half l i f e (Tj^/2) = I'OO^ ^ 
11 Incident flux ((()) = 1.082x10 a -pa r t i c l e s / cm .s 
Number of i n t e r a c t i n g nuclei(N ) = 3.8459x10 17 
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Fig, 4.7 Partial decay scheme of 






Table 4 .5 
C r o s s - s e c t i o n fo r ^ ^ ^ I n ( a , n ) ^•'"'^'"sb Reac t ion 
I n c i d e n t 






25 .2+1 .2 














In(a ,2n) Reaction 













c r o s s -




The Q-value of t h i s r e a c t i o n i s - 1 6 . 0 6 MeV and the 
t h r e s h o l d energy i s 16.63 MeV, The r e s i d u a l nuc leus of t h i s 
115 
r e a c t i o n i s Sb which has on ly the ground s t a t e of hal f l i f e 
32 .1 minutes and spin + 5 / 2 , no m e t a s t a b l e s t a t e . The decay of 
t h i s s t a t e i s through e l e c t r o n cap tu re mode as we l l as p^ e m i s s i o n . 
In the decay of t h i s s t a t e the e l e c t r o n cap tu re i s 67;/i and p"*^  
emiss ion i s 33;^. The major decay through e l e c t r o n cap tu re goes 
115 to f i r s t e x c i t e d s t a t e of the r e s i d u a l nuc leus Sn. The only 
gamma ray of 0 .497 MeV with the abundance 98;^ has been followed 
: 92 : 
for the ca l cu l a t i on of the c ross -sec t ion of t h i s r e a c t i o n . No 
other good abundent gamma ray i s a v a i l a b l e . The decay scheme 
115 of res idua l nucleus Sb is shown in the f i g . 4 .8 and the 
parameters used to ca lcu la te the c ross - sec t ions are given in 
the table 4.6 while so obtained c ross - sec t ions are given in the 
table 4 . 7 . 
Table 4.6 
Experimental data for ''••'• In(a.2n)-^ Sb Reaction 
Half l i f e {1^/2) 
Incident flux ((()) 
Number of i n t e r ac t i ng nucle i (NQ) = 3.8459x10 
= 32.1 m 
11 2 
= 1.082x10 a -par t i c les /cm .s 
17 
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I n c i d e n t 





21 .4 +1.4 
25 .2 +1.2 
29 .0 +1.0 
32 .2 +0 .8 
35 .1 +0 .8 
37 .4 +0.7 
4 0 . 1 +0.7 
4 3 . 6 +0.7 
4 6 . 8 +0.6 
50 .0 +0.5 
Cross-
4 . S o l . 3 ^^^In(( 
Table 
















4 . 7 
^^^ In (a .2n )^^^Sb 








118.44+ 7 .62 
78.29+ 3 .98 
60.81+ 3.05 
55.24+ 2 .15 
48.57+ 2 .34 
3t,n) Reac t ion 
Reac t i on 
Weighted 
Average 








118.44+ 7 .62 
78.29+ 3.98 
60.81+ 3.05 
55.24+ 2 .15 
48.57+ 2.34 
The Q-value of t h i s r e a c t i o n i s - 7 . 2 4 MeV. In t h i s 
118 
r e a c t i o n the p r o d u c t nuc leus i s Sb which has the ground 
s t a t e of ha l f l i f e (T, 72) -^'^ minutes and the m e t a s t a b l e s t a t e 
of ha l f l i f e (Tj^/2^ 5 .0 h . Both the s t a t e s of •'••''^ Sb decay 
118 to the l e v e l s of Sn. The decay of m e t a s t a b l e s t a t e i s 
through e l e c t r o n cap tu re mode and the p emi s s ion ; and the 
: 94 : 
percentage of these kinds of decays are 99 ,QA'/, and 0.16;^ 
r e s p e c t i v e l y . Th© decay of ground s t a t e i s a lso through the 
e lec t ron capture mode and p"^  emission and the percentage of 
these decays are 22.5>< and 75 .0^ . As the half l i f e of ground 
118 
s t a t e of product nucleus Sb i s very short so the cont r ibut ion 
of t h i s s t a t e to the developed a c t i v i t y could not be observed. 
The observed a c t i v i t y was due to the metastable s t a t e only. The 
gamma rays 0.253 MeV (99.0><), 1.229 MeV (99.9;^) 1.050 MeV (97><) 
were followed to ca lcu la te the c ross - sec t ions of t h i s reac t ion 
at various inc ident ene rg ies . The d e t a i l s of d i f f e r en t parameters 
used in ca l cu la t ion of a are given in the table 4.8 and the 
c ross - sec t ions measured a t d i f f e r en t incident energies are given 
in the table 4 . 9 . The decay scheme of the product nucleus is 
given in the f i g . 4 . 9 . 
4 . 8 . 1 .4 •^^^In(a.2n) Reaction 
In th i s r eac t ion , the product nucleus is ^^ which has 
5+ 
the ground s t a t e of half l i f e of 2,8 hours with spin ^ . There 
117 is no metastable s t a t e . This ground s t a t e of Sb decays to 
117 f i r s t exci ted s t a t e of Sn through e lec t ron capture mode and 
the p emission then th i s exci ted s t a t e decays to the ground 
117 
s t a t e . In the decay of Sb the percentage of e lec t ron capture 
i s 97.5>< and the percentage of p"^  emission is 2 . 5 ^ . In the 
ca l cu la t ion of c ro s s - s ec t i on , only one gamma ray of 0.159 MeV 
with abundance 85.9j^ was followed. There is no other gamma ray 
95 
Table 4.8 
Experimental data for ^^^In(a.n)^-'-^"^Sb reaction 
Half l i f e (T^^/^) = 5.00 h 
11 2 I n c i d e n t f lux ((j)) = 1.082x10 a - p a r t i c l e s / c m . s 
Number of i n t e r a c t i n g n u c l e i (Np,) = 8.4105x10 18 
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Cross-
I n c i d e n t 









35 .140 .8 










0 . 2 5 3 
1.050 
1.229 
0 . 2 5 3 
1.050 
1.229 
0 . 2 5 3 
Table 4 . 9 
f o r 
ay 
^ ^ ^ I n ( a . n ) l ^ ^ ' " s b 
















r e a c t i o n 
Weighted 
Average 
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of good abundance. The Q-value of th i s reac t ion i s -14.62 MeV 
and the threshold i s 15.13 MeV. The decay scheme of ^^^Sh i s 
given in the f i g . 4 .10 . The spectroscopic and experimental ly 
measured parameters used to ca l cu la t e the c ross - sec t ions are 
represented in the table 4.10 and the measured c ross - sec t ions 
a t d i f f e ren t inc ident a - p a r t i c l e energies are given in the 
table 4 . 1 1 . 
4 .80I .5 ^•'•^In(a.3n) Reaction 
The product nucleus, in t h i s r eac t ion , i s Sb which has 
two s ta tes i . e . one metastable s t a t e and otherone the ground s t a t e , 
The half l i f e of the ground s t a t e i s 15.8 minutes with spin 3 
and the half l i f e of metastable s t a t e i s 1.005 hour with spin 8"". 
11 z 
These s t a t e s decay independantly to the l eve l s of Sn. 
As the product nucleus of t h i s react ion is same as the product 
113 
nucleus of In(a ,n) r eac t ion , so other d e t a i l s of t h i s reac t ion 
already have been given in a r t i c l e 4 . 8 . 1 . 1 . The Q-value and the 
115 threshold of In(a,3n) reac t ion are -24.31 MeV and 25.16 MeV 
115 
r e s p e c t i v e l y . Of course the threshold of In(a,3n) and 
113 
In(a,n) r eac t ion are d i f f e r e n t but even then there i s some 
region in which the channel of both the r eac t i ons go on s imul ta-
neously. In the overlapping region the c ross - sec t ions can be 
separated by using the t heo re t i c a l c ross - sec t ions but in the pre-
sent case^ i t could not be done because the c ross - sec t ion has 
been measured only for the metastable s t a t e while the t heo re t i ca l 
99 : 
T a b l e 4 . 1 0 
E x p e r i m e n t a l i 
Number of 





2 1 . 4 + 1 . 4 
2 5 . 2 + 1 . 2 
29 . 0 + 1 . 0 
3 2 . 2 + 0 . 8 
3 5 . 1 + 0 . 8 
3 7 . 4 + 0 . 7 
4 0 . 1 + 0 . 7 
4 3 . 6 j p . 7 
4 6 . 8 + 0 . 6 
5 0 . 0 + 0 . 5 
Ha l f 
I n c i d i 
d a t a f o r 
l i f e (Tj 
e n t f l u x 
i n t e r a c t i n g n u c l e i 
Gamma 
E n e r g y 
(MeV) 
0 . 1 5 9 
0 . 1 5 9 
0 . 1 5 9 
0 . 1 5 9 
0 . 1 5 9 
0 . 1 5 9 
0 . 1 5 9 
0 . 1 5 9 
0 . 1 5 9 
0 . 1 5 9 
Abso lu t e 





Y - i n t e n s i t y 
8 5 . 9 
8 5 . 9 
8 5 . 9 
8 5 . 9 
8 5 . 9 
8 5 . 9 
8 5 . 9 
8 5 . 9 
8 5 . 9 
8 5 . 9 
-iC a . 2 n ) •'••'• ^ S b : 
= 2 . 8 0 h 
= 1 .082x10^^ 
r e a c t i o n 
a - p a r t i c 
= 8.4105xlO-'-^ 
Time R e c o r d i n g 
Lapse 























l e s / c m .5 
P h o t o -
peak 
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Table 4 . 1 1 
C r o s s - s e c t i o n fo r In(a«2n) Sb r e a c t i o n 
I n c i d e n t Gamma ray C r o s s - s e c t i o n Weighted 
a - p a r t i c l e Energy Average 
Energy E C r o s s - s e c t i o n 
E ^ a 
a 
(MeV) (MeV) (mb) (mb) 
21.4+1.4 0 .159 836.92+20.32 836.92+20.32 
25.2+1.2 0 .159 1220.22+24.4 1220.22+24.46 
29 .0+1.0 0 .159 880.99+19.01 880.99+19.01 
32 .2+0.8 0 .159 489.48+12.75 489.48+12.75 
35 .1+0.8 0 .159 210.20+10.52 210.20+10.52 
3 7 . 4 j p . 7 0 .159 141.97+9.70 141.97^9.70 
40 .1+0.7 0 .159 119.98+7.57 119.9817.57 
43 .6+0.7 0 .159 83.99+6.23 83.99+6.23 
46 .8+0.6 0 .159 67.94+5.32 67.94+5.32 
50 .040 .5 0 .159 60.93+4.37 60.93+4.37 
: 101 : 
c ross -sec t ion i s the sum of the c ross - sec t ion of ground and 
metastable s t a t e both so the sum of c ross - sec t ion of two 
r eac t ions i s represented . The d e t a i l s of the parameters used 
to ca lcu la te the c ross - sec t ions are given in the table 4.12 and 
measured c ross - sec t ion are given in table 4 . 1 3 . The decay 
scheme of the reac t ion product i s given in the f i g . 4 . 7 . 
115 4 .8 .1 .6 In(a.4n) Reaction 
1 15 The Q-value of th i s r eac t ion is -32.40 Hel/- Sb i s the 
product nucleus of t h i s reac t ion which has only the ground s t a t e 
of half l i f e 32,1 minutes with spin -^  . There i s no metastable 
115 s t a t e . This product nucleus decays to the Sn through the 
e lec t ron capture mode and p emission. The percentage of e lec t ron 
capture mode and p emission in t h i s decay are 67>< and 33yi. The 
115 product nucleus Sb of t h i s reac t ion i s also the product nucleus 
of In(a,2n) r e a c t i o n . In sp i t e of the di f ference of the 
Q-values these reac t ions have some common reg ion . In t h i s region 
the c ro s s - s ec t i ons are divided in the r a t i o of the t heo re t i ca l 
c ross - sec t ion of these r e a c t i o n s . The gamma ray of 0.497 MeV 
with the abundance 98;^ has been taken to ca l cu la t e the c ross -
sec t ion . The d e t a i l of used parameters i s given in the table 4.14 
and the measured c ross - sec t ionsa re arranged in the table 4 .15 . 
115 
The decay scheme of product nucleus Sb of this reaction is 
given in the fig. 4.8. 
: 102 : 
E x p e r 
Number of 
P a r t i c l e 
Energy 
(MeV) 
29 . 0 + 1 . 0 
3 2 . 2 j p . 8 
3 5 . 1 + 0 . 8 
i m e n t a l 
H 
d a t a 
a l f 
I n c i d e i 
i n t e r a c 
Gamma 
E n e r g y 
(MeV) 
0 . 1 3 5 
0 . 4 0 7 
0 . 5 4 2 
0 . 9 7 2 
0 . 1 3 5 
0 . 4 0 7 
0 . 5 4 2 
0 . 9 7 2 
0 . 1 3 5 
0 . 4 0 7 
0 . 5 4 2 
0 . 9 7 2 
t i n g 
Table 
f o r " ^ 
4 . 1 2 
' l n ( a , . 3 n ) ^ ^ ^ ' " s b + ^ ^ ^ I n ( a . n ) 
r e a c t i o n 
l i f e ( T , / 2 ) 
Pit f l u x 
n u c l e i 
A b s o l u t e 
Y - I n t e n s i 
{'A) 
2 9 . 0 
4 2 . 0 
5 2 . 0 
7 2 . 0 
2 9 . 0 
4 2 . 0 
5 2 . 0 
7 2 . 0 
2 9 . 0 
4 2 . 0 
5 2 . 0 




= 1 .005 h 
= 1.082X10-'--'- a - p a r t 








R e c o r d i n g 
Time 
^3 




C o n t d . . 
^ l ^ ^ b 
i c l e s / c m . s 
P h o t o -
peak 




























































































Table 4 . 1 3 
r- ^ . . ^ 1 1 5 , / ^ \ l l 6 m e u , 1 1 3 T ( N l l ^ m ^ u 
C r o s s - s e c t i o n f o r I n ( a , 3 n ) Sb+ I n ( a . n ) Sb 
I n c i d e n t 
a - p a r t i c l e 
E n e r g y 
^a 
(MeV) 
29 . 0 + 1 . 0 
3 2 . 2 + 0 . 8 
3 5 . 1 + 0 . 8 
3 7 . 4 j p . 7 
Gamma r a y 




0 . 1 3 5 
0 . 4 0 7 
0 . 5 4 2 
0 . 9 7 2 
0 . 1 3 5 
0 . 4 0 7 
0 . 5 4 2 
0 . 9 7 2 
0 . 1 3 5 
0 . 4 0 7 
0 . 5 4 2 
0 . 9 7 2 
0 . 1 3 5 
0 . 4 0 7 
0 . 5 4 2 
0 . 9 7 2 
C r o s s - s e c t i o n 
a 
(mb) 
6 8 . 0 8 + 0 . 9 6 
6 3 . 5 6 + 1 . 1 3 
6 7 . 4 0 + 1 . 1 9 
6 8 . 4 2 + 1 . 3 1 
3 5 2 . 8 2 + 2 . 0 2 
3 0 4 . 6 7 + 2 . 2 9 
3 1 0 . 2 4 + 2 . 3 4 
3 4 6 . 1 5 + 2 . 7 2 
6 6 9 . 4 4 + 2 . 6 1 
5 9 4 . 6 2 + 3 . 0 0 
5 7 5 . 6 2 + 3 . 0 3 
6 5 6 . 1 6 + 3 . 5 2 
8 1 0 . 6 4 + 2 . 6 4 
7 8 3 . 6 7 + 3 . 1 6 
7 6 4 . 0 6 + 3 . 2 0 
6 9 9 . 8 2 + 3 . 3 4 
Weigh ted 
Average 
C r o s s - s e c t i o n 
a 
(mb) 
6 6 . 8 7 + 0 . 5 6 
3 2 9 . 1 2 + 6 . 2 7 
6 2 5 . 6 9 + 1 1 . 7 0 
7 7 0 . 8 0 + 1 5 . 0 4 












































115 115 Experimental data for In(a.4n) Sb reaction 
Half l i f e {T^,^) = 32.1 m 
ai Incident flux ((J)) = 1.082x10 a -par t i c les /cm .s 
18 Number of i n t e r ac t i ng nucle i (N^) = 8.4105x10 





3 5 . 1 + 0 . 8 
3 7 . 4 + 0 . 7 
4 0 . 1 + 0 . 7 
4 3 . 6 + 0 . 7 
4 6 . 8 + 0 . 6 
5 0 . 0 + 0 . 5 
I n c i d e n t 
a - p a r t i c l € 
Energy 
(MeV) 
3 5 . 1 + 0 . 8 
3 7 . 4 + 0 . 7 
4 0 . 1 + 0 . 7 
Gamma 
E n e r g y 
E 
(MeV) 
0 . 4 9 7 
0 . 4 9 7 
0 . 4 9 7 
0 . 4 9 7 
Oc497 
0 . 4 9 7 
C r o s s - s e c t 
Gamma r 
f E n e r g y 
(MeV) 
0 . 4 9 7 
0 . 4 9 7 
0 . 4 9 7 
A b s o l u t e 
y - i n t e n s i t y 
9 8 . 0 
9 8 . 0 
9 8 . 0 
9 8 . 0 
9 8 . 0 
9 8 . 0 
T a b l e 4 . 1 5 
r I I S T f i o n f o r In ( 
ay Cr 
9 . 
1 7 , 
4 8 . 
Time 
Lapse 

















R e c o r d i n g 
Time 







r e a c t i o n 
Weighted 
P h o t o -
peak 









C r o s s - s e c t i o n 
0 
(mb) 
9 o 0 6 + 0 . 5 3 
1 7 . 6 4 + 0 . 6 3 
4 8 . 7 2 + 0 . 6 7 
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43.640.7 











4 .8 .1 .7 ^^^ln(a.pn) Reaction 
The product nucleus of t h i s reac t ion i s Sn. This 
product nucleus has the metastable s t a t e of half l i f e 13.61 days 
with spin - ^ . This metastable s t a t e decays to an intermediate 
1+ 
s t a t e having the spin -^  and the half l i f e of 28 ns . t h i s 
intermediate s t a t e decays to the ground s t a t e through e lec t ron 
capture mode and p emission. The emitted energy is 0.159 MeV. 
The Q-value of t h i s r eac t ion i s -12 .1 MeV and the threshold is 
117 12.5 MeV. The decay scheme of Sn i s given in the f i g . 4 . 1 1 . 
The parameters used to ca l cu la t e the c ross -sec t ions are given in 
the table 4.16 and the measured c ross - sec t ions are given in the 
table 4 .17 . 
4 .8 .1 .8 ^^^Inia,2v) Reaction 
The Q-value of t h i s reac t ion i s -12.75 and the product 
117 nucleus i s In having the metastable s t a t e of half l i f e 
1.94 hour5 and the ground s t a t e of 43.8 minutes. The gamma rays 
followed to ca l cu la t e the c ross - sec t ion of metastable s t a t e are 
0.159 MeV and 0.315 MeV with the abundance 15.9;< and 19.0>< 
re spec t ive ly while in the ca l cu l a t i on of tha t for ground s t a t e , 
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Table 4 . 1 6 
E x p e r i m e n t a l d a t a f o r InCa.pn) ""sn r e a c t i o n 
Ha l f l i f e (Tj^/2) = 1 3 . 6 1 d 
11 I n c i d e n t f l u x {^) = 1 .082x10 a - p a r t i c l e s / c m .5 
Number of i n t e r a c t i n g n u c l e i (N ) = 8 .4105x10 
P a r t i c l e Gamma A b s o l u t e Time R e c o r d i n g P h o t o -
Energy E n e r g y y - I n t e n s i t y Lapse Time peak 
E^ E„ 0„ tr, t ^ C o u n t s 
(MeV) (^AeV) {'/.) ( s e c . ) ( s e c . ) A 
2 1 . 4 + 1 . 4 0 . 1 5 9 8 6 . 4 13560 300 154 
2 5 . 2 + 1 . 2 0 . 1 5 9 8 6 . 4 12720 300 464 
2 9 . 0 + 1 . 0 0 . 1 5 9 8 6 . 4 11220 300 1009 
3 2 . 2 + 0 . 8 0 . 1 5 9 8 6 . 4 10440 300 1515 
3 5 . 2 + 0 . 8 0 . 1 5 9 8 6 . 4 9780 300 1387 
3 7 . 4 + 0 . 7 0 . 1 5 9 8 6 . 4 8880 X O 971 
4 0 . 1 + 0 . 7 0 . 1 5 9 8 6 . 4 6420 300 819 
4 3 . 6 + 0 . 7 0 . 1 5 9 8 6 . 4 5640 300 666 
4 6 . 8 + 0 . 6 0 . 1 5 9 8 6 . 4 3960 300 604 
5 0 . 0 + 0 . 5 0 . 1 5 9 8 6 . 4 4800 300 567 
: no : 
c 
Incident 




























































115 Experimental data for In(a.2p) ^In reaction 117g. 
Ha l f l i f e (Tj^/2) = 4 3 . 8 m 
I n c i d e n t f l u x ((J)) = 1.082x10"^"'' a - p a r t i c l e s / c m ' ^ . s 11 
Number of i n t e r a c t i n g n u c l e i ( N ) = 8 .4105x10 18 
P a r t i c l e Gamma A b s o l u t e Time 
Energy E n e r g y y - I ^ ' t e n s i t y Lapse 
s s ^ "^2 































3 2 . 2 + 0 . 8 0 . 1 5 9 8 7 . 0 
0 . 5 5 3 9 9 . 7 
35.2-K).8 0 . 1 5 9 8 7 . 0 
0 . 5 5 3 9 9 . 7 
3 7 . 4 + 0 . 7 0 . 1 5 9 8 7 . 0 
0 . 5 5 3 9 9 . 7 
4 0 . 1 + 0 . 7 0 . 1 5 9 8 7 . 0 
0 . 5 5 3 9 9 . 7 
43.6-K) .7 0 . 1 5 9 8 7 . 0 
0 . 5 5 3 9 9 . 7 
4 6 . 8 + 0 . 6 0 . 1 5 9 8 7 . 0 
0 . 5 5 3 9 9 . 7 
5 0 . 0 4 0 . 5 0 . 1 5 9 8 7 . 0 









C r o s s -
I n c i d e n t 




3 2 . 2 j p . 8 
3 5 . 1 + 0 . 8 
3 7 . 4 + 0 . 7 
4 0 . 1 + 0 . 7 
4 3 . 6 + 0 . 7 
4 6 . 8 + 0 . 6 
5 0 . 0 + 0 . 5 
- s e c t i o n fo 
Garnma r a y 




0 . 1 5 9 
0 . 5 5 3 
0 . 1 5 9 
0 . 5 5 3 
0 . 1 5 9 
0 . 5 5 3 
0 . 1 5 9 
0 . 5 5 3 
0 . 1 5 9 
0 . 5 5 3 
0 . 1 5 9 
0 . 5 5 3 
0 . 1 5 9 
0 . 5 5 3 
T a b l e 4 . 1 9 
r I n C a , 2 p ) ^ I n 
C r o s s - s e c t i o n 
0 
(mb) 
1 . 4 9 + p . l l 
1 . 6 9 + 0 . 1 7 
2 . 6 1 + 0 . 1 3 
3 . 0 1 + 0 . 2 1 
5 . 6 1 + 0 . 1 7 
5 . 0 9 i p . 2 4 
1 1 . 2 2 + 0 . 1 7 
1 0 . 8 9 + 0 . 2 6 
1 6 . 7 1 + 0 . 1 9 
1 7 . 1 9 + 0 . 2 9 
19o26+0 .16 
20 . 2 0 + 0 . 2 5 
2 2 . 0 6 i p . 1 9 
2 1 . 1 0 + 0 . 2 9 
r e a c t i o n 
Weigh ted 
Average 
C r o s s - s e c t i o n 
0 
(mb) 
1 . 5 5 + 0 . 0 7 
2 . 7 2 + 0 . 1 3 
5 . 4 4 + 0 . 1 7 
1 0 . 5 7 + 0 . 4 0 
1 6 . 8 6 + 0 . 1 6 
1 9 . 5 3 j p . 3 0 
2 1 . 7 7 + 0 . 3 1 
113 : 
Table 4o20 
Experimental data for ^^^In(a,2p) ^ '^^ '"in reaction 
11 
Half l i f e {T^,^^ = 1 . 9 4 h 
I n c i d e n t f lux ((j)) = 1.082xlO'^'^ a - p a r t i c l e s / c m ^ . s 
1 8 Number of i n t e r a c t i n g n u c l e i (N )= 8.4105x10 
P a r t i c l e Gamma Absolute Time Recording Pho to -
Energy Energy y - I n t e n s i t y Lapse Time peak 
E E 0 to t^ Counts 
a Y Y 2 3 
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Cross-
I n c i d e n t 





32 .2+0 .8 
35.1j<).8 
37 .440 .7 




























4 . 2 1 
In(a.2D)^^'^"' ln 

















r e a c t i o n 
Weighted 
Average 
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117 99»T4 r e s p e c t i v e l y . The spin of In in metastable and ground 
s t a t e are - and ^ r e s p e c t i v e l y . The decay scheme of In 
i s given in the f i g . 4 .12 . The parameters used to ca lcu la te the 
c ross - sec t ion for ground s t a t e are tabulated in the t a b l e 4.18 
while the measured c ros s - sec t ions are given in the table 4.19 
and the parameters used to ca l cu la t e the c ros s - sec t ion for 
metastable s t a t e are arranged in the table 4.20 and the measured 
c ross - sec t ions are given in the table 4,21 while the t o t a l c ross -
sect ions (ground s t a t e + metastable s t a t e ) are tabulated in table 
4 .22 . 
Table 4.22 
Total c ross - sec t ion for ^^^In(a.2p)^^^^ "^^ "'^  In reac t ion 
I n c i d e n t 





32 .2+0 .8 
35 .1+0 .8 
37 .4+0.7 
40 .1+0 .7 
43 .6+0 .7 
46 .8+0 .6 
50 .0+0 .5 
To ta l C r o s s - s e c t i o n 
a 
(mb) 
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IQl IQ"^ 
4 . 8 . 2 Target Nucleusi ^'•*'-^'^lx 
The i r i d i u m t a r g e t was made by i r i d i u m powder of p u r i t y 
b e t t e r than 99.99>< by the vaccum e v a p o r a t i o n technique a t 
V a r i a b l e Energy Cyc lo t ron C e n t r e , C a l c u t t a . This powder was 
d e p o s i t e d onto the aluminium s h e e t by us ing the a f o r e s a i d 
t e c h n i q u e . Af te r d e p o s i t i o n of powder the measured t h i c k n e s s 
of i r i d ium l a y e r was 150 jig/cm . This t a r g e t f o i l was c u t i n t o 
f i f t e e n p i e c e s and each of the p i ece was f ixed on an aluminium 
frame having a c i r c u l a r hole of d iamete r 1.2 cm in i t s c e n t r e 
while the s i z e of i r i d ium f o i l was 1.5 x 1.5 cm. These f o i l s 
of i r i d i u m ; f i x e d on aluminium h o l d e r s were a r ranged in to the 
form of a s t a c k . The aluminium degrade r s of d i f f e r e n t t h i c k n e s s 
were i n s e r t e d in between the t a r g e t f o i l s . The s t ack arrangement 
i s shown in the f i g . 4 . 1 3 . This s tack was i r r a d i a t e d with the 
a-beam of energy 55 MeV. The s i z e of beam was 8 mm. The inc i de 
in 9 
f l ux was 4.623x10 a - p a r t i c l e s / c m . s - . The i n c i d e n t energy on 
the f o i l s in the s t a c k i s 5 5 . 0 + 0 . 5 , 5 2 . 9 + 0 . 6 , 4 9 . 1 + 0 . 6 , 4 5 . 9 + 0 . 6 , 
4 3 . 5 + 0 . 7 , 4 0 . 5 + 0 . 7 , 37 .8+0 .7 , 3 4 . 9 + 0 . 8 , 3 1 . 4 + 0 . 8 , 2 9 . 2 + 0 . 8 , 
2 6 . 9 + 0 . 9 , 2 4 . 4 + 0 . 9 , 2 1 . 4 + 1 . 1 , 18 .4+1.2 and 16o8+1.3 Mev. In t h i s 
case the r e a c t i o n s ^^^I r ( a ,n) ^^"^Au, '^^ -'"IrC a,2n) ^^^Au, •^^^Ir(a ,3n) 
192. , , 1 9 1 T (^ A >191. , . 191^ („ ^ A 1 9 0 . 193^ / ^ ^194. Au, I r ( a , 4 n } Au, I r ( a , 5 n } Au, I r ( a , 3 n ) Au, 
193 193 193 \192 
I r ( a , 4 n ) Au, and I r ( a , 5 n ) Au have been measured. The 
191 193 
percen tage of i s o t o p e s I r and I r in n a t u r a l i r i d ium i s 
found 37.3;^ and 62»lyi r e s p e c t i v e l y . The gamma ray spectrum of 
a c t i v a t e d i r i d i u m i s shown in the f i g . 4 . 1 4 . 
+ 
; 117 : 
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4 . 8 . 2 . 1 •'•'^•'•Ir(a,n) Reac t ion 
The Q-value of t h i s r e a c t i o n i s -10 .09 t^V-The p roduc t 
194 
nuc leus Au has two m e t a s t a b l e s t a t e s o t h e r than the ground 
s t a t e . The ha l f l i f e of f i r s t m e t a s t a b l e s t a t e , second m e t a s t a b l e 
s t a t e and the ground s t a t e i s 420 ms with spin 10 , 600 ms with 
spin 5"^  and 1.646 days with sp in l " r e s p e c t i v e l y . The f i r s t 
m e t a s t a b l e s t a t e decays to the second m e t a s t a b l e s t a t e and then 
the second m e t a s t a b l e s t a t e decays to the ground s t a t e . This 
ground s t a t e of Au decays to -'•^^Pt which g ive s the gamma rays 
of e n e r g i e s 0 .294 MeV and 0.329 MeV. The 
a b s o l t i t e ' i n t e n s i t y ' ; o f these gamma r a y s i s 11.1>< and tSyi r e s p e c t i v e l y . 
The gamma r a y of energy 0.294MeV(11.1^) could n o t be seen in the 
spectrum due to ve ry low abundance so the c r o s s - s e c t i o n s of the 
r e a c t i o n have been c a l c u l a t e d by fo l lowing the 0 .329 A^eV (63/<) 
194 gamma ray o n l y . In the decay of Au, some o t h e r gamma rays 
are a l so a v a i l a b l e but of n e g l i g i b l e abundance. The decay scheme 
194 
of Au i s shown in f i g . 4 . 1 5 . 
The d e t a i l s of pa ramete r s used in c a l c u l a t i o n are given 
in t ab l e 4 .23 and the c r o s s - s e c t i o n s measured e x p e r i m e n t a l l y a t 
d i f f e r e n t i n c i d e n t a - p a r t i c l e e n e r g i e s are given in t ab l e 4 . 2 4 . 
4 . 8 . 2 . 2 •^^^Ir(a .2n) Reac t i on 
193 The Q-value of the r e a c t i o n i s - 1 7 . 0 6 MeV. Au i s the 
p roduc t nuc leus of t h i s r e a c t i o n and has a m e t a s t a b l e s t a t e of 
ha l f l i f e 3.9 seconds with spin -^ and the ground s t a t e of 
120 
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Experimental data for Ir(a,n) Au reaction 
: 121 : 
Ha l f l i f e {Tj^,2) = 1 .646 d 
I n c i d e n t f l u x ((j)) = 4.623x10"^'^ a - p a r t i c l e / c m ' ^ . s 10 
Number of i n t e r a c t i n g n u c l e i (Np)= 8 .864x10 16 
P a r t i c l e Gamma A b s o l u t e Time R e c o r d i n g P h o t o -
Energy E n e r g y y - I f i t e n s i t y Lapse Time peak 
E E 0 t o t C o u n t s 
(MeV) (MeV) (yC) ( s e c . ) ( s e c . ) A 
1 6 . 8 + 1 . 3 0 . 3 2 9 6 3 . 0 
1 8 . 4 + 1 . 2 0 . 3 2 9 6 3 . 0 
2 1 . 4 + 1 . 1 0 . 3 2 9 6 3 . 0 
24.4+0.9 0.329 63.0 
26.9-K).9 0.329 63.0 
29.2+0.8 0.329 63.0 
31.4+0.8 0.329 63.0 
34.9+0.8 0.329 63.0 
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: 123 : 
3+ ha l f l i f e 17.65 h with the sp in ^ . The m e t a s t a b l e s t a t e 
decays 99.97;^ to the ground s t a t e and 0.03/^ to the me ta s t ab l e 
193 193 
s t a t e of P t whi le the ground s t a t e of Au decays t o t a l l y 
193 to the m e t a s t a b l e s t a t e of P t by e m i t t i n g the gamma r a y s . 
In the c a l c u l a t i o n of r e a c t i o n c r o s s - s e c t i o n only one gamma ray 
of 0 .186 MeV with abundance lO.iy.was fo l lowed . Of c o u r s e , some 
o t h e r gamma r a y s are a l s o a v a i l a b l e in the decay of p roduc t 
nuc leus unders tudy bu t wi th ve ry low i n t e n s i t y so those gamma 
rays could not be observed in our spect rum. 
193 The decay scheme of p roduc t nuc leus Au i s shown in the 
f i g . 4 . 1 6 . The parameters used in the c a l c u l a t i o n s are ar ranged 
in the t a b l e 4 .25 while the c r o s s - s e c t i o n s c a l c u l a t e d exper imen-
t a l l y a t d i f f e r e n t i n c i d e n t a - p a r t i c l e e n e r g i e s are given in the 
t a b l e 4 . 2 6 . 
1 Q1 
4 . 8 . 2 . 3 ^ I r (a .3n) Reac t ion 
The Q-value of t h i s r e a c t i o n i s - 2 5 . 7 1 MeV. In t h i s 
192 
r e a c t i o n the p roduc t nucleus i s Au which has a m e t a s t a b l e 
s t a t e of ha l f l i f e 167 ms with the spin l l " and the ground 
s t a t e of ha l f l i f e 4 .94 h wi th spin l " . The me ta s t ab l e s t a t e 
decays t o t a l l y to the ground s t a t e and t h i s ground s t a t e decays 
192 to the l e v e l s of P t . In the c a l c u l a t i o n of r e a c t i o n 
c r o s s - s e c t i o n the gamma r ay of 0 .317 MeV (58 .0^) has been taken 
i n t o the c o n s i d e r a t i o n . 
124 : 
Table 4 .25 
191 \193 
Exper imenta l da t a f o r I r ( a t 2 n ) Au r e a c t i o n 
Half l i f e ( 1 ^ / 2 ) = 17.65 h 
I n c i d e n t f l ux (({)) = 4.623x10:^^ a - p a r t i c l e s / c m ^ . s 
16 
.10 2 
Number of i n t e r a c t i n g nuc le i (N^)= 8.864x10 
P a r t i c l e Gamma Absolute Time Recording Pho to -
Energy Energy y-InteBsHy" Lapse Time peak 
E^ E 0 t2 t-j Counts 
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Cro 
I n c i d e n t 






21 .4+1 .1 
24 .4+0.9 
26 .9+0.9 
2 9 . 2 j p . 8 




43 .5+0 .7 
45 .9+0 .6 
49 .1+0 .6 
52 .9+0 .6 
55 .0+0.5 
Table 4 .26 
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The decay scheme of the product nucleus understudy is 
shown in the f i g . 4 .17 . The parameters used in the reac t ion 
c ross - sec t ion ca lcu la t ion are given in the t a b l e 4.27 while the 
ca lcula ted c ross - sec t ion with the incident a - p a r t i c l e energy is 
given in the table 4 .28 . 
4 .8 .2 .4 •^^•^Ir(a.4n) Reaction 
191 The product nucleus of t h i s reac t ion is Au which has 
the metastable s t a t e of half l i f e 920 ms with -^ spin and the 
ground s t a t e having the half l i f e 3.18 h with the spin -K 
The metastable s t a t e decays to the ground s t a t e and the ground 
191 
s ta te decays to the l eve l s of Pt which emits 
few gamma r a y s . All the gamma ray energies except 0.586 MeV 
emitted in the decay of product nucleus understudy have very poor 
i n t ens i ty ( l e s s than 1/.), which could not be observed in our 
spectra hence in the c l acu la t ion of react ion c ross - sec t ion the 
photo-peak counts are ca lcula ted by following the 0.586 MeV (16><) 
gamma ray energy only. The Q-value of t h i s reac t ion is -32.68 MeV. 
191 The decay scheme of product nucleus Au i s shown in the 
f i g . 4 .18 . The experimental parameters used in the ca lcu la t ion 
of reac t ion c ross - sec t ion are given in the table 4.29 while the 
incident a - p a r t i c l e energies and the corresponding c ross - sec t ions 
are given in the table 4 .30 . 
: 128 : 
Table 4 .27 
191 192 
Exper imenta l da t a for I r ( a . 3 n ) Au r e a c t i o n 
Half l i f e (T^^/^^ = "^'^^ ^ 
I n c i d e n t f l ux (({)) = 4.623x10-^^ a - p a r t i c l e s / c m ^ . s 
Number of i n t e r a c t i n g n u c l e i ( N ^ ) = 8.864xlO-'-^ 
P a r t i c l e Gamma Absolute Time Recording Pho to -
Energy Energy y - I n t e n s i t y Lapse Time peak 
E E 9 to to Counts 
a Y Y 2 3 
(MeV) (MeV) {•/.) ( s e c . ) ( s e c . ) A 
26.940.9 0.317 58.0 10740 500 218 
29.2-HD.8 0 .317 58 .0 9600 500 947 
31 .4+0 .8 0 .317 58.0 8700 500 1577 
34 .940 .8 0 .317 58.0 7440 500 3781 
37.8+0.7 0 .317 58 .0 6720 300 1949 
40.5+0.7 0 .317 58 .0 6000 300 1710 
43 .540 .7 0 .317 58.0 5340 300 1117 
45 .9+0 .6 0 .317 
49 .1+0 .6 0 .317 
52 .9+0 .6 0 .317 
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Cross-
I n c i d e n t 










45 .9+0 .6 
49 .1+0 .6 
52 .9+0 .6 
55 .0+0.5 
Table 
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r e a c t i o n 
Weighted 
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Experimental data for I r ( a .4n) Au reac t ion 
Half l i f e (T^/2) = 3.18 h 
Incident flux (())) 10 2 
4.623x10 a -par t ic les /cm .s 
Number of i n t e r ac t i ng nucle i (Np)= 8.864x10 16 
P a r t i c l e 
E n e r g y 
(MeV) 
4 0 . 5 + 0 . 7 
4 3 . 5 + 0 . 7 
4 5 . 9 + 0 . 6 
4 9 . 1 + 0 . 6 
5 2 . 9 + 0 . 6 
5 5 . 0 + 0 . 5 
I n c i d e n t 
a - p a r t i c l e 
Energy 
(MeV) 
4 0 . 5 + 0 , 7 
4 3 . 5 + 0 . 7 
4 5 . 9 + 0 . 6 
4 9 . 1 i p . 6 
5 2 . 9 + 0 . 6 





0 . 5 8 6 
0 . 5 8 6 
0 . 5 8 6 
0 . 5 8 6 
0 . 5 8 6 
0 . 5 8 6 
C r o s s - s e c t i 
Gamma i 




0 . 5 8 6 
0 . 5 8 6 
0 . 5 8 6 
0 . 5 8 6 
0 . 5 8 6 
0 . 5 8 6 
A b s o l u t e 
Y - I n t e n s 
1 6 . 0 
1 6 . 0 





i t y 
4.30 











a . 4 n ) ^ ^ ^ A u 
C r o s s - s e c t i o n 
1 1 5 . 







. 06+17 .96 
. 35+31 .21 
. 58+40 .80 • 
. 1 1 + 4 4 . 8 8 
,30+38 .36 
. 3 4 + 2 7 . 5 3 
R e c o r d i n g P h o t o 
T ime pe ak 
t « C o u n t s 
( s e c . ) A 
300 41 
300 134 




r e a c t i o n 
Weigh ted 
Average 
C r o s s - s e c t i o n 
a 
(mb) 
1 1 5 . 0 6 + 1 7 . 9 6 
3 6 1 . 3 5 + 3 1 . 2 1 
6 4 2 . 5 8 + 4 0 . 8 0 
8 0 9 . 1 1 + 4 4 . 8 8 
617 .30+38 c36 
3 3 8 . 3 4 + 2 7 . 5 3 
: 131 : 
4 .8 .2 .5 ^^^Ir(a.5n) Reaction 
190 The product nucleus Au has no metastable s t a t e . The 
half l i f e of ground s t a t e i s 42.8 minutes and the spin is 1~. 
190 190 
The decay of ground s ta te of Au to the l eve l s of Pt 
i s through the e lec t ron capture and the p emission. The per-
centage of decay through e lec t ron capture i s 98/. and t h a t of 
through p emission i s 2>< only. In the decay^^ the product nucleus 
understudy emits various gamma rays but most of them are of 
negl ig ib le i n t e n s i t y so these could not be observed in our 
experimental spec t r a . Only the gamma ray of 0.598 MeV and 
0.301 MeV with i n t e n s i t y 1 0 . 1 / and 2 5 . 1 / r e spec t ive ly could be 
observed. So in the ca l cu l a t i on of react ion c ross - sec t ion thf^  
photopeak counts are calcula ted by following these gamma rays 
only. The Q-value of th i s r eac t ion i s -41.75 MeV. 
The parameters used in the ca lcu la t ion of react ion 
c ross - sec t ion are given in the table 4.31 and the c ross - sec t ions 
correspondinq to the inc idents a - p a r t i c l e energies are given in 
190 the table 4 .32 . The decay scheme of product nucleus Au i s 
given in the f i g . 4 .19 . 
4 .8 .2 .6 -^^^IrCa.an) Reaction 
The Q-value of t h i s reac t ion is -24.05 MeV re spec t ive ly . 
194 The product nucleus of t h i s reac t ion i s Au which is also the 
191 product nucleus of I r ( a , n ) r e a c t i o n . Hence every information 
132 : 
Table 4 .31 
Exper imenta l d a t a fo r I r ( a . 5 n ) Au r e a c t i o n 
Half l i f e (T^/2) = 42 .8 m. 
.10 I n c i d e n t f l u x ((f)) = 4.623x10 a - p a r t i c l e s / c m . s 
Number of i n t e j a c t i n g n u c l e i (N^)= 8.864x10 
a - p a r t i c l e Gamma Absolute Time Recording Pho to -
Energy Energy y - I i ^ t e n s i t y Lapse Time peak 
E E G to t^ Counts 
a Y Y 2 3 
(MeV) (MeV) i'A) ( s e c . ) ( s e c . ) A 
49 .1+0 .6 
52 .9+0.6 
55 .OHO .5 
Cross 
I n c i d e n t 
a - p a r t i c l e 
Energy 
(MeV) 
4 9 . 1 i p . 6 
52 .9+0 .6 
55 .0+0,5 
0 .301 
0 . 5 9 8 
0 .301 
0 . 5 9 8 
0 .301 
0 .598 


























^'^^Ir(a.5n)^*^°Au r eac 















t i o n 
Weighted 
Average 




































Pig, 4.19 Par t i a l decay scheme of ^ ^ \ u . 
: 134 : 
about the product nucleus is same as has been given in a r t i c l e 
4 . 8 i 2 . 1 . Beyond 24.40 MeV incident energy both the reac t ions 
I r ( a , n ) and I r (a ,3n) go on simultaneously so the photo-
peak counts of the gamma ray of 0,329 MeV {63y») , are the t o t a l 
of the photo-peak counts of these two r e a c t i o n s . In order to 
ca lcu la te the c ros s - sec t ions sepera te ly the counts are separated 
using the t heo re t i c a l c ros s - sec t ions of these r e a c t i o n s . 
194 The decay scheme of Au is shown in f i g . 4 .15 , and 
parameters used in the ca l cu la t ion of reac t ion c ross - sec t ion are 
given in the table 4.33 and the experimentally measured c ross -
sect ions corresponding to the a - p a r t i c l e incident energies are 
given in the table 4 .34. 
^•8.2.7 •'•^^Ir(a.4n) Reaction 
The Q-value of th i s r eac t ion i s -28.50 MeV. The product 
nucleus of t h i s reac t ion and I r (d ,2n) reac t ion is same i . e . 
193 193 
Au, so half l i f e , s t a t e s , and decay e t c . of Au can be 
seen from a r t i c l e 4 . 8 . 2 . 2 . After ope_jiing the channel of t h i s 
reac t ion the counts under photo-peak are the sum of photo-peak 
counts of these two reac t ions sepa ra t e ly . Hence to separate 
the a c t i v i t y of these two r e a c t i o n s , the help of theore t i ca l 
c ross - sec t ion has been taken. 
193 The decay scheme of Au is shown in the f ig .4 .16 and 
the parameters used in the ca l cu la t ion of reac t ion c ross - sec t ions 
are given in the table 4.35 while by the use of these parameters, 
135 : 
Table 4 .33 
193 194 
Exper imenta l d a t a for I r ( a , 3 n ) Au r e a c t i o n 
Half l i f e (Tj^/2) = 1'646 d 
I n c i d e n t f l ux {^) = 4.623x10 a - p a r t i c l e s / c m . s 
17 Number of i n t e r a c t i n g nuc le i (No)= 1.475x10 








Absolute Time Recording Pho to -
Y - I n t e n s i t y Lapse Time peak 
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Table 4 .34 
C r o s s - s e c t i o n fo r I rCa ,3n) Au r e a c t i o n 
Inc ident 
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obtained c ross - sec t ions corresponding of inc ident a - p a r t i c l e 
energies are given in the table 4 .36 . 
193 
4 .8 .2 .8 ^^ta.5n) Reaction 
In t h i s reac t ion the product nucleus is same as t ha t in 
191 \ 192 
the reac t ion I r (a ,3n) i . e . Au. The p roper t i e s of the product 
nucleus understudy have already been discussed in a r t i c l e 4 .8o2 .3 . 
In common region of exc i t a t i on function of I r ( a ,3n) react ion 
193 
and I r (a ,5n) r e a c t i o n s , c ross - sec t ions are separated by using 
the t heo re t i ca l c ross - sec t ion of there two r e a c t i o n s . The Q-value 
of th i s reac t ion i s -39.68 MeV. 
192 The decay scheme of product nucleus Au i s shown in the 
f i g . 4 . 17 . The parameters used to ca lcu la te the c ross - sec t ions 
are given in the table 4.37 while the obtained c ross -sec t ion a t 
d i f fe ren t inc ident a - p a r t i c l e energies are given in the table 
4.38. 
4.8.3 Target Nucleus ^^^'^^^Sb 
The natural antimony has two isotopes with the mass 
121 123 
number 121 and 123. The abundance of Sb and Sb in natural 
Sb is 57.3-/ and A2*T/, respectively. In the present experiment, 
the sample of this element was made by depositing the antimony 
powder on aluminium sheet of thickness 6.75 mg/cm , with the 
help of vaccum evaporation technique. This large target foil 
was cut into 12 pieces of size 1.5 cm x 1.5 cm. These pieces 
: 138 
Table 4 .35 
193 193 
Exper imenta l da t a for I r ( a . 4 n ) Au r e a c t i o n 
Half l i f e iT^,^) = 17.65 h. 
I n c i d e n t f lux (())) = 4.623x10 a - p a r t i c l e s/cm .s 
17 Number of i n t e r a c t i n g n u c l e i (N^) = 1.475x10 
P a r t i c l e Gamma Absolute Time Recording Pho to -
Energy Energy y - I n t e n s i t y Lapse Time peak 
E E,, E to t^ Counts 
a Y Y Z 3 
(MeV) (MeV) (MeV) ( s e c . ) ( s e c . ) A 
34 .9+0.8 0 .186 10 .1 
37 .840 .7 0 .186 10 .1 
40 .5+0.7 0 .186 10 .1 
43.5:K).7 0 .186 10 .1 
45.9+0.6 0 .186 10 .1 
49 .1+0.6 •0 .186 10 .1 
52 .9+0 .6 0 .186 10 .1 
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Cross-
Incident 



























r (a ,4n) Au reac 
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Table 4 .37 
193 \192 
Exper imenta l da ta fo r I r ( g . 5 n ) Au r e a c t i o n 
Half l i f e (T^/2) = 4.94 h 
10 I n c i d e n t f lux ((j)) = 4.623x10 a - p a r t i c l e s / c m • s 
Number of i n t e r a c t i n g n u c l e i (N_) = 1.4745x10 17 
P a r t i c l e 




4 5 . 9 ^ 0 . 6 
4 9 . 1 i p . 6 
5 2 . 9 i p . 6 
5 5 . 0 + 0 . 5 
I n c i d e n t 
a - p a r t i c l e 
Energy 
(MeV) 
4 5 . 9 + 0 . 6 
4 9 . 1 + 0 . 6 
5 2 . 9 + 0 . 6 
5 5 . 0 + 0 . 5 
Gamma 
E n e r g y 
(MeV) 
0 . 3 1 7 
0 . 3 1 7 
0 . 3 1 7 
0 . 3 1 7 




A b s o l u t e 
Y - I n t e n s i 
5 8 . 0 
5 8 . 0 
5 8 . 0 
5 8 . 0 









. 3 8 
3 c t i o n f o r I r ( a , 5 n ) 
amma r a y 
nergy 
[MeV) 
0 . 3 1 7 
0 . 3 1 7 
0 . 3 1 7 
0 . 3 1 7 
C r o s s - s e c 
a 
(mb) 
4 . 1 7 + 1 . 
1 0 6 . 7 0 + 5 . 
385 .89+10 

















P h o t o -
p e a k 















. 1 7 + 1 . 1 1 
. 7 0 + 5 . 5 6 
. 8 9 + 1 0 . 4 4 
. 3 0 + 1 1 . 6 0 
141 
were weighed, accurately and it was found that thickness of 
antimony powder on aluminium sheet was 1 mg/cm . These pieces 
were fixed on aluminium frames (all of same size) with the 
circular hole in their centres. The diameter of this circular 
hole was measured 1.2 cm. These aluminium frames with the 
target foils were arranged into the form of a stack. In the 
stack, in between of the target foils, the aluminium degrader 
were also inserted so that we might hit the particle foil with 
the desired energy of incident a-beam. The incident energy 
on the target foils was 55.0+0.5 MeV, 52.1+0.6 MeV, 48.9+0.6 MeV, 
45.7+0.7 MeV, 43.2+0.7 MeV, 40.1+0.8 MeV, 37.3+0.8 MeV, 
34.3+0.8 MeV, 30.7+0.9 MeV, 27.2+1.0 MeV, 24.7+1.1 MeV, 
21.9+1.2 MeV. 
121 
The reactions studied in the case of antimony are Sb(a,n) 
^^S, I2 l sb(a ,2n)123 ,^ 1213^(^^4^)121,^ ^^h^{a,p3n)'^he ,^^hHaJ\ 
•'•^^Sb(a,3n)-'-^'^I and "'•^ S^bC a,4n) "'•^^I. The e x c i t a t i o n functions 
for ^^^Sb(a,3n)^^^I and ^^^Sb(a,2n)^^^I could not be measured 
because in the former case the half l i f e of product nucleus is 
short (3 .6 minutes) , so the developed a c t i v i t y decayed by the 
time the counting s t a r t ed and in l a t e r case the half l i f e of the 
product nucleus i s very large (60.1 days) so measurable a c t i v i t y 
could not be developed. The stack arrangement i s shown in the 
f i g . 4.20 while the gamma ray spectrum of ac t iva ted sample is 
given in the f i g . 4 . 2 1 . The s ize of beam spot on the t a rge t was 
11 2 
8 mm and the measured flux was 1.482x10 a -pa r t i c l e s /cm .s 
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4 .8 .3 .1 ^^^Sb(a.n) Reaction 
124 In t h i s reac t ion the product nucleus i s I possessing 
124 the half l i f e of 4.18 days. The spin of "^  I i s 2 . This 
124 product nucleus decays to Te which emits the few gamma rays . 
In the ca l cu la t ion of react ion c r o s s - s e c t i o n s , only one gamma 
ray has been followed i . e . 0.603 A^eV (6lv<). Some other gamma 
rays are also ava i lab le but a l l those have e i t h e r low abundance 
or low eff ic iency so could not be observed in our gamma ray 
spectrum. The Q-value of th i s react ion is -7 .88 MeV. The decay 
124 
scheme of I product nucleus is shown in the f i g . 4 .22 . 
Table 4.39 shows the value of parameter used to ca lcula te the 
c ross -sec t ion while the table 4.40 shows the measured c ros s -
sect ions . 
121 4 .8 .3 .2 Sb(a.2n) Reaction 
123 5^ 
The product nucleus of t h i s react ion is I with 2 sp in . 123 This I has only the ground s t a t e , no isomeric s t a t e , having 
123 the half l i f e of 13.2 hours. I t decays to Te. In, whose, decay 
the emission of several gamma rays takes place but in the ca l cu la -
t ion of r eac t ion c ros s - sec t ion , only gamma ray of 0.159 MeV 
(83.3><) has been taken into the considerat ion because a l l the 
other gamma rays are very weak hence could not be observed. The 
Q-value of t h i s reac t ion i s -15.35 MeV. The decay scheme of 
123 
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: ] 4 6 
T a b l e 4 . 3 9 
1 '^  1 ]'?A 
I: xpc r li[i"n t..il (i.il.i lot ' .Sl>(()r,n) ' I r f . i r l . l o n 
Half l i f e (Tj^/g) = 4 . 1 8 d 
11 I n c i d e n t f l u x (({)) = 1 .4825x10 a - p a r t i c l e s / c m ' " . s 
Number of i n t e r a c t i n g nucle i (NQ )= 1 .4330x10 18 
a - P a r t i c l e Gamma A b s o l u t e Time R e c o r d i n g P h o t o -
Energy Energy y l ' ^ ' t e n s i t y Lapse • Time peak 
E E 0 t o t ^ C o u n t s 
a Y Y 2 3 
(MeV) (MeV) (/.) ( s e c . ) ( s ' ^ c . ) A 
2 1 . 9 + 1 . 2 
2 4 . 7 + 1 . 1 
2 7 . 2 + 1 . 0 
3 0 . 7 j p . 9 
3 4 . 3 j p . 8 
0 . 6 0 3 
0 . 6 0 3 
0 . 6 0 3 
0 . 6 0 3 







C r o s s - s e c t i o n 
I n c i d e n t 
a - p a r t i c l e 
Energy 
(MeV) 
2 1 . 9 + 1 . 2 
2 4 . 7 + 1 . 1 
2 7 . 2 + 1 . 0 
3 0 . 7 + 0 . 9 
34 . 3 j p . 8 
f o r 




0 . 6 0 3 
0 . 6 0 3 
0 . 6 0 3 
0 . 6 0 3 
















, n) I r e a c 
C r o s s - s e c t i o n 







. 0 7 + 3 . 5 3 
.99+2<,34 
. 37+1 .99 
. 4 8 + 1 . 7 8 














Cro 9 s - s e c t i o n 
o 
(mb) 
1 0 1 . 0 7 + 3 . 5 3 
44o99+2 .34 
2 8 . 3 7 + 1 . 9 9 
1 7 . 4 8 + 1 . 7 8 
10.35_i_l .m 
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t h i s reac t ion are arranged in the table 4.41 while the c ross -
sect ions obtained versus inc ident a - p a r t i c l e energies are 
tabulated in the table 4 .42 . 
4 .8 .3 .3 ^^^Sb(a.4n)^^^I Reaction 
The Q-value of t h i s reac t ion i s -33.23 MeV and the 
2 product nucleus is I. I is associated with ~ spin and 
half life of 2.12 hrs. This ^^^I decays to ^^ •'•Te which emits 
several gamma rays. All the gamma rays present m the decay of 
121 
Te except the gamma rays of 0.212 MeV and 0.531 MeV, are very weak. 
Hence;in the ca lcu la t ion of reac t ion c ros s - sec t i on , only the gamma 
of 0.212 MeV and 0.531 MeV energy have been taken into conside-
r a t i o n . The i n t e n s i t y of these gamma rays i s 84>< , 6.1;^ respec-
121 t i v e l y . The decay scheme of I is shown in the f i g . 4 .24 . 
The parameters used to ca lcu la te the c ross - sec t ion i s tabulated 
in the table 4.43 and the c ross - sec t ion obtained is given in the 
table 4 .44 . 
4 .8 .3 .4 -^  '^Sb(a.n) Reaction 
The Q-value of t h i s reac t ion i s -6 ,95 MeV and the product 
1 Of. 
nucleus is I . The half l i f e of product nucleus is 13.02 days. I t 
decays to Te and ^^^Xe. In the decay of these , the gamma rays are 
of very low i n t e n s i t y except 0.389 MeV {2,A .!•/.) and 0.666 MeV 
(33.1><) gamma r a y s . Hence, in the ca lcu la t ion of react ion 




Experimental data for Sb(a.2n) I r eac t ion 
Half l i f e (Tj^/2) = 13.20 h 
Incident flux ((j)) = 1.8425x10 a -par t i c les /cm .s Number of i n t e r ac t ing nucle i (NQ) = 1.4330x10 18 





2 1 . 9 + 1 . 2 
2 4 . 7 + 1 . 1 
2 7 . 2 + 1 . 0 
3 0 . 7 + 0 . 9 
3 4 . 3 + 0 . 8 
3 7 . 3 + 0 . 8 
4 0 . 1 + 0 . 8 
4 3 . 3 + 0 . 7 
4 5 . 7 + 0 . 7 
4 8 . 9 + 0 . 6 
5 2 . 1 + 0 , 6 
5 5 . 0 + 0 . 5 
Gamma 
E n e r g y 
E 
Y (MeV) 
0 . 1 5 9 
0 . 1 5 9 
0 . 1 5 9 
0 . 1 5 9 
0 . 1 5 9 
0 . 1 5 9 
0 . 1 5 9 
0 . 1 5 9 
0 . 1 5 9 
0 . 1 5 9 
0 . 1 5 9 
0 . 1 5 9 
A b s o l u t e 
Y - I n t e n s i t y 
9 ( . 1 
8 3 . 3 
8 3 . 3 
8 3 . 3 
8 3 . 3 
8 3 . 3 
8 3 . 3 
8 3 . 3 
8 3 . 3 
8 3 . 3 
8 3 . 3 
8 3 . 3 
8 3 . 3 
Time 
Lapse 













R e c o r d i n g 
Time 













P h o t o -
peak 
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Cross-
I n c i d e n t 











4 0 . 1 j p . 8 
43 .2+0.7 
45 .7+0.7 
48 .9+0 .6 
52 .1+0 .6 
55 .0+0.5 


















f o r 
ay 
4 .42 
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Table 4 .43 
1 9 I 1 ? 1 
Experimontal da ta for " Sb(a ,4n) I roacLion 
H a l f l i f p ( T ^ / 2 ) - ? . l ? h 
11 I n c i d e n t f lux (({)) = 1.4825x10 a - p a r t i c l p s/cm" 
Number of i n t e r a c t i n g n u c l e i (N_)= 1.4310x10 18 
a - p a r t i c l o Gamma AbGoiule Time [{ecordinq Photo-
Energy Hnergy Y-J^riten-^ity Lapse Timp poak 
E_ E 0„ t^ t^ Counts 
a Y Y -^  3 
(MeV) (MeV) (/.) ( sec ) ( s o c . ) A 


























6 . 1 
84.0 
6 . 1 
84.0 
6 . 1 
84.0 
6 . 1 
84.0 































I n c i d e n t 





37 .3+0 .8 




52 .1+0 .6 
55 .0+0.5 
Table 



















^2ls i D(a,4n) I r eac 

















t i o n 
Weighted 
Average 











1 Q /: 
The decay scheme of I i s shown in the f i g . 4 . 2 5 . The 
paramete rs used to c a l c u l a t e the c r o s s - s e c t i o n are a r ranged in 
the t a b l e 4 .45 while the expe r imen ta l c r o s s - s e c t i o n s are t a b u l a t e d 
in the t a b l e 4 . 4 6 . 
123 4 . 8 . 3 . 5 Sb(a.3n) Reaction 
10/1 
The p roduc t nucleus of t h i s r e a c t i o n i s I and, i t 
decays to Te which emi t s few gamma r a y s . In the c a l c u l a t i o n 
of r e a c t i o n c r o s s - s e c t i o n , the gamma ray of 0 . 6 0 3 MeV energy wi th 
the i n t e n s i t y 6 1 ^ has been taken i n t o the c o n s i d e r a t i o n . The 
124 half l i f e of I i s 4 .18 d a y s . This p roduc t nuc leus i s same 
121 
as the p roduc t nuc leus of r e a c t i o n Sb(a ,n ) r e a c t i o n . So a l l 
the s p e c t r o s c o p i c parameters fo r t h i s r e a c t i o n are same as in the 
121 
Sb(a ,n) r e a c t i o n excep t the Q-va lue . The Q-value of t h i s 
r e a c t i o n i s - 2 3 . 6 4 MeV. Beyond the t h r e s h o l d of ''" '^Sb(a,3n) 
123 121 
r e a c t i o n , both the Sb(a ,3n) and Sb(a ,n ) r e a c t i o n go on 
s i m u l t a n e o u s l y . In t h i s common r e g i o n , the c r o s s - s e c t i o n s are 
d iv ided in the r a t i o of t h e o r e t i c a l c r o s s - s e c t i o n of these 
r e a c t i o n s . 
124 The decay scheme of Te i s given in the f i g . 4 . 2 2 . The 
paramete rs used in the c a l c u l a t i o n of r e a c t i o n c r o s s - s e c t i o n are 
arranged in the t a b l e 4 .47 while the measured c r o s s - s e c t i o n s are 
given in the t a b l e 4 . 4 8 . 
154 : 
Table 4.45 
Exper imenta l da t a for Sb (a .n ) " I r e a c t i o n 
Half l i f e <.T^^^) = 13.02 d 
«11 2 I n c i d e n t f l ux (({)) = 1.4825x10 a - p a r t i c l e s / c m . s 
18 Number of i n t e r a c t i n g n u c l e i (N ) = 1.0505x10 
a - P a r t i c l e Gamma Absolute Time Recording Pho to -
Energy Energy y^^'^'tsf^s i t y Lapse Time peak 
E E 0 to t^ Countd 
a Y Y 2 3 





























C r o s s - s e c t i o n for Sb(a ,n ) I r e a c t i o n 
I n c i d e n t 
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Table 4 .47 
123 124 Exper imenta l da t a for Sb(a .3n) I r e a c t i o n 
Half l i f e (T^/^^ = "^'^^ ^ 
11 2 
I n c i d e n t f lux ((()) = 1.4825x10 a - p a r t i c l e / c m .s 
Number of i n t e r a c t i n g n u c l e i ( N Q ) = 1 . 0 5 0 5 X 1 0 
a - p a r t i c l e Gamma Absolute Time Recording Pho to -
Energy Energy y - I n t e n s i t y Lapse Time peak 
E^ E^ 0^ t2 tg Counts 
(MeV) (MeV) {•/,) ( s e c . ) ( s e c . ) A 
27.2+1.0 0 .603 61.0 7020 500 712 
30.7+0.9 0 . 6 0 3 61.0 7860 500 2796 
34 .3+0.8 0 .603 61.0 8940 500 5230 
37.3+0.8 0 .603 61.0 9900 500 6002 
40 .1+0.8 0 . 6 0 3 61.0 10800 500 4275 
43 .2+0.7 0 .603 61.0 11700 500 2802 
45 .7+0 .7 0 .603 61.0 12600 500 1912 
48 .9+0.6 0 . 6 0 3 61.0 13500 500 1162 
52 .1+0.6 0 .603 61.0 14460 500 716 
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4.3.8c6 ^^'^SbCa.An) Reaction 
The Q-value of t h i s r e a c t i o n is -31ol5 MeV and the product 
nucleus is •'•^ •^ i which i s also the product nucleus of Sb(a,2n) 
r e a c t i o n . So a l l the p roper t i e s of product nucleus in t h i s case 
121 
are same as explained in the a r t i c l e 4 .3 .8 .4 for Sb(a,2n) 
121 
r e a c t i o n . In the t a i l prot ion of Sb(a,2n) r eac t ion , the 
Channel of Sb(a,4n) reac t ion also opens, so a f te r opening of 
th i s channel, both the r eac t ions go on. In t h i s overlapping 
reg ion , the experimental c ross - sec t ion of these reac t ions have been 
divided by using the r a t i o of t heo re t i ca l c ross - sec t ion of these 
r e a c t i o n s . 
123 The decay scheme of I is given in the f i g . 4.23 and 
the parameters used in the ca lcu la t ion of r e a c t i o n c ross -sec t ion 
are given in the table 4 .49 . The obtained c ross - sec t ions are 
tabulated in the table 4 .50 . 
4 .3 .8 .7 ^^-^SbCa^pSn) Reaction 
121 In t h i s reac t ion the product nucleus is Te which has 
the ground s t a t e of half l i f e of 16o78 d. In addi t ion to t h i s 
121 
s ta te Te is associated with the metastable s t a t e of half l i f e 
154 d a l s o . Later decays 83>< to the former. In the present case 
the time of bombardment of the stack was very shor t in comparison 
of the half l i f e of metastable s t a t e , so t h i s s t a t e could not be 
exci ted . In the present ca l cu la t ion of c ros s - sec t ion , the gamma 
158 
Table 4 .49 
12 3 12 3 
Exper imenta l da t a for Sb(a .4n) I r e a c t i o n 
Half l i f e (Tj^/2) = 13.2 h 
I n c i d e n t f l u x {^) - 1.4825x10''"•'• a - p a r t i c l e s / c m ' ^ . s 11 
Number of i n t e r a c t i n g nuclei(NQ)= 1.0505x10 18 





Gamma Absolute Time Recording Pho to -
Energy Y-i i^ ' tensi ty Lapse Time peak 
E 0 t2 t „ Counts 
(MeV) (MeV) (sec.) (sec.) A 
37.3ip.8 









































: 159 : 
C r o s s -
I n c i d e n t 





3 7 . 3 + 0 . 8 
40 .1+0 . 8 
4 3 . 2 + 0 . 7 
4 5 . 7 + 0 . 7 
4 8 . 9 + 0 . 6 
5 2 . 1 j p . 6 
5 5 . 0 + 0 . 5 
Tab le 
• s e c t i o n f o r 
4, .50 
123sb 





0 . 1 5 9 
0 . 1 5 9 
0 . 1 5 9 
0 . 1 5 9 
0 . 1 5 9 
0 . 1 5 9 
0 . 1 5 9 
( a , 4 n ) I r e a c 
C r o s s - s e c t i o n 
a 
(mb) 
1 3 0 . 4 8 + 0 . 8 2 
2 8 2 . 5 8 + 1 . 2 1 
5 3 0 . 6 3 + 1 . 6 7 
6 0 3 . 8 7 + 1 . 7 9 
6 4 5 . 8 9 + 1 . 8 7 
6 4 2 . 6 6 + 1 . 8 8 
5 9 8 . 2 2 + 1 . 8 2 
t i o n 
Weighted 
Average 
C r o s s - s e c t i o n 
0 
(mb) 
1 3 0 . 4 8 4 0 . 8 2 
2 8 2 . 5 8 + 1 . 2 1 
5 3 0 . 6 3 + 1 . 6 7 
6 0 3 . 8 7 + 1 . 7 9 
6 4 5 . 8 9 + 1 . 8 7 
6 4 2 . 6 6 + 1 . 8 8 
5 9 8 . 2 2 + 1 . 8 2 
160 : 
ray of 0.573 MeV energy with the i n t ens i t y 80.3>< has been followed 
121 
The decay scheme of Te (T, /^ = 16<.78 d) i s shown in th'^ f i g . 
4o26. The parameters used to ca l cu la t e the c ross - sec t ion and so 
obtained c ross - sec t ions a t d i f f e r en t incident alpha p a r t i c l e 
energies are arranged in the table 4.51 and 4.52 r e spec t ive ly . 
: 161 : 
Table 4 . 5 1 
121 121 
Exper imenta l d a t a fo r Sb(a ,p3n) Te r e a c t i o n 
Half l i f e {T^,^) = 16.78 d 
I n c i d e n t f l ux ((j)) = 1.4825x10 a - p a r t i c l e s/cm ' o s 
Number of i n t e r a c t i n g nucle i (N ) = 1.4330x10 18 





37 . 3 j p . 8 
4 0 . 1 + 0 . 8 
4 3 . 2 + 0 . 7 
4 5 . 7 + 0 . 7 
4 8 . 9 + 0 . 6 
5 2 . 1 + 0 . 6 




0 . 5 7 3 
0 . 5 7 3 
0 . 5 7 3 
0 . 5 7 3 
0 . 5 7 3 
0 . 5 7 3 
0 . 5 7 3 
Abso lu 
Y - I n t e 
8 0 . 3 
80 o3 
8 0 . 3 
80o3 




n s i t y 
Time 
Lapse 








R e c o r d i n g 
Time 








P h o t o -
peak 

















3 7 . 3 + 0 . 8 
4 0 . 1 + 0 . 8 
4 3 . 2 + 0 . 7 
4 5 . 7 + 0 . 7 
4 8 . 9 + 0 . 6 
5 2 . 1 + 0 . 6 
5 5 . 0 + 0 . 5 
s e c t i o n f o r 
Gamma r 




0 . 5 7 3 
0 . 5 7 3 
0 . 5 7 3 
0 . 5 7 3 
0 . 5 7 3 
0 . 5 7 3 




' 4 „52 
121 
a . p 3 n ) Te r e a c 
C r o s s - s e c t i o n 
rt \ j 
(mb) 
3 3 . 6 4 + 3 . 9 1 
1 6 8 . 2 3 + 8 . 7 5 
3 7 2 . 8 4 + 1 8 . 4 1 
5 4 8 . 6 9 + 1 5 . 8 8 
7 1 6 . 3 0 + 1 8 . 1 0 
9 2 9 o 4 6 + 2 0 . 6 3 
820 o 3 8+19 0 39 
J 
t i o n 
Weigh ted 
Average 
C r o s s - s e c t i o n 
0 
(mb) 
3 3 . 6 4 + 3 . 9 1 
1 6 8 . 2 3 + 8 . 7 5 
3 7 2 . 8 4 + 1 8 . 4 1 
5 4 8 . 6 9 + 1 5 . 8 8 
7 1 6 . 3 0 + 1 8 . 1 0 
9 2 9 . 4 6 + 2 0 . 6 3 
8 2 0 . 3 8 + 1 9 . 3 9 
: 163 : 
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CHAPTER-V 
RESULT AND DISCUSSION 
A f t e r t h e d e v e l o p m e n t of i s o c h r o n o u s c y c l o t r o n , t h e 
p r o j e c t i l e s e x c i t e d u p t o v e r y h i g h e n e r g i e s became a v a i l a b l e 
[ l ] and t h e e x p e r i m e n t a l f e a t u r e s of the n u c l e a r r e a c t i o n s 
have been s t u d i e d by s e v e r a l i n v e s t i g a t o r s and t h e y p o i n t e d o u t 
t h a t some r e a c t i o n s took p l a c e w i t h i n t e r m e d i a t e t ime s c a l e 
be tween two e x t r e m e s . They m a n i f e s t t h e m s e l v e s in t h e h i g h 
e n e r g y t a i l s of the e x c i t a t i o n f u n c t i o n , n o n - M a x w e l l i a n ha r d 
components in t h e p a r t i c l e s p e c t r a and a g r a d u a l l y c h n n q i n g 
p a t t e r n of a n g u l a r d i s t r i b u t i o n from f o r w a r d p e a k i n g to f o r e -
a n d - o f f symmet ry . So o b t a i n e d e x p e r i m e n t a l f e a t u r e s c o u l d 
n e i t h e r be e x p l a i n e d by compound n u c l e u s model n o r by d i r e c t 
r e a c t i o n model [ 2 - 4 ] . To e x p l a i n t h e s e e x p e r i m e n t a l f a c t s of 
n u c l e a r r e a c t i o n s , s e v e r a l now t h e o r i e s and modo l s werp p r o p o s e d , 
[ 5 - 1 2 ] . To t e s t the v a l i d i t y of t h e s e mode l s more and more 
a c c u r a t e m e a s u r e m e n t s a r e n e c e s s a r y . A l o t of work h a s been 
done on the s t u d y of e x c i t a t i o n f u n c t i o n s of a - p a r t i c l e i nduced 
r e a c t i o n s f o r v a r i o u s t a r g e t s [ l 3 ] . There a r e some c-T^es f o r 
which no dn tn In nvn.1lnbh>. Fo r mnny cmo ' ' , o l t h ' > r U)''> d n t n 1-T 
s c a n t y o r t h e r e a r e l a r g e d i s c r e p a n c i e s i n t h e r e s u l t s . Hence 
t h e r e i s need of more a c c u r a t e e x p e r i m e n t s in many c a s e s . 
Keeping t h i s v i e w , the e x c i t a t i o n f u n c t i o n f o r I n , I n , 
191T 193-r 121„, . 123^ ^^  , 
Ir, Ir, Sb and Sb have been measured.. 
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5 . 1 Measured R e s u l t s 
In the p r e s e n t work the c o r s s - s e c t i o n s have been 
measured for I n ( a , n ) Sb + I n ( a , 3 n ) Sb, I n ( a , 2 n ) Sb, 
115^ / \118„, 115-r / o \117.v 115 , / . \ 1 1 5 . . 115 , / v 
I n ( a , n ) Sb, I n ( a , 2 n ) :3b, I n ( a , 4 n ) bb, I n ( a , p n j 
" ^ Sr>, "5i„(^,2p)117, , , 1 9 1 i r ( a , n ) " V , "l lr(a .2«) l ' ' \v>, 
" 3 l r ( a . 4 „ ) W 3 ; , „ , l " l r ( a , 5 n ) " 2 A u , 1 2 1 s b { a . n ) 1 2 4 i , 1 2 1 s b ( a , p 3 n ) ' ' ' T e 
1 2 1 s b ( a , 2 n ) 1 2 3 i , IZlg,^,,^,^) 121 ^^ 123sb( „ , „ ) 125i_ 123sb(<,, 3^) 124j _ 
123 123 
Sb(a ,4n) I r e a c t i o n s . The c r o s s s e c t i o n s of these r e a c t i o n s 
are d i s p l a y e d in the f i g s , from 5 .1 - 5 .22 . In these f i g u r e s the 
l i t e r a t u r e v a l u e s are a l so shown, i f no l i t e r a t u r e value i s shown, 
i t means the r e s u l t s are r e p o r t e d for the f i r s t time with our 
b e s t knowledge. In the f i g u r e s h o r i z o n t a l and v e r t i c a l ba rs are 
a l so ment ioned. The h o r i z o n t a l bar shows the t o t a l e s t i m a t e d 
e r r o r spread in' the i n c i d e n t energy while the v e r t i c a l bar shows 
the c r o s s - s e c t i o n a l e r r o r . The absence of v e r t i c a l bar shows 
the c r o s s - s e c t i o n a l e r r o r w i t h i n the mark. The numerical v a l u e s 
of e x p e r i m e n t a l l y measured c r o s s - s e c t i o n s are t a b u l a t e d in 
t a b l e s from 5 .1 - 5 . 6 . In case of Sb, some l i t e r a t u r e v a l u e s 
are a v a i l a b l e in the low energy region and are shown in the 
f i g u r e s . The t a r g e t s t a c k s of d i f f e r e n t e lements vyere bombarded 
with d i f f e r e n t energy of a - p a r t i c l e beam. Stack of indium was 
bombarded with 50 MeV and t h i s energy was degraded upto 21 MeV 
while the t a r g e t s t a c k s of i r i d i u m and antimony were bombarded 





Fig . 5,1 Experimental e x c i t a t i o n funct ion for ln(<K/n) ^Sh 
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Fig.5,5 Theoretical and experimental excitation 
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upto 17 MeV and 22 MeV in these two stacks r e s p e c t i v e l y . 
5.2 Theoret ical Pred ic t ions 
The exc i t a t i on function for the r eac t ions (measured 
experimentally) were also ca lcula ted t h e o r e t i c a l l y . These 
theore t i ca l ca l cu la t ions were done using the hybrid model i . e . 
a combination of the pre-compound and compound nucleus model. 
This model c a l cu l a t e s the spectra of emitted p a r t i c l e s in the 
energy d i s s i p a t i o n process for each s tep , whose induction tnkes 
place by the i n t e r ac t ion between p ro j ec t i l e and t a rge t nucleons. 
I n t h i s m o d e l , the ca lcu la t ion is done with an i n i t i a l number of 
exci tons ( p a r t i c l e s + h o l e s ) , the Fermi level induced by the 
primary in t e r ac t ion and proceeds to s t a t e with an increasing 
exciton number. The emission p robab i l i ty for the p a r t i c l e s for 
each of these s t a t e s is ca lcu la ted and in the l a s t , in tegra t ion 
spectra gives the c ross -sec t ion for a l l poss ible r e a c t i o n s . 
This model has already been discussed in d e t a i l in Chapter I I . 
The t heo re t i c a l ca l cu l a t i ons were done by using the 
computer code ALICS/LIVERMORE-82 [ 1 4 ] . In t h i s code the input 
parameters are the option for mass formula, pa i r ing correct ion , 
level densi ty parameter, mean free path m u l t i p l i e r for the 
nucleon-nucleon sca t t e r ing c ross - sec t ion and the i n i t i a l exciton 
number ( p a r t i c l e + ho le ) . In t h i s code, there i s a provision to 
ca lcula te the exc i t a t i on function by the considerat ion of e q u i l i -
brium emission only and the equi l ibr ium with pre-equi l ibr ium both, 
:i86« 
i nd iv idua l ly . For analysing the equlibrium pa r t , the Weisskopf-
Ewing model [ l5 ] was adopted while the pre-equi l ibr ium par t 
ca l cu la t ions were done according to the hybrid [9] as well as 
the geometry dependent hybrid (GDH) model [lO] of Blann. The 
s t a t i s t i c a l p a r t of this code can account for a large va r i e ty 
of reac t ion types [ l 6 , 1 7 ] , c l u s t e r such as deutoron and 
a - p a r t i c l e can be considered besides the evaporation of neutrons 
and protons according to Weisskopf and Ewing. This i s done with 
the conservation of angular momentum. The Q-values for the 
formation of compound nucleus and, neutron , proton, alpha and 
deuteron binding energies for a l l nuclides of i n t e r e s t in the 
evaporation chain are ca lcula ted with the help of Myers-Swiatecki/ 
Lysekil mass formula [ 1 8 ] . The pai r ing energy Q ca lcu la t ions 
are done by using the back shi f ted model. I t ' s value is 0 for 
even-even n u c l e i , - © for odd-even nuclei and -2 & for odd-odd 
nuclei with & = l l /V^ , where A i s the nucleon number of the 
element understudy. The inverse c ross - sec t ions were ca lcula ted 
with the help of op t ica l model subroutine of ALICE/LIVERMORE-82 
computer code, which uses the Becchet t i and Greenlees [19] op t i ca l 
parameters. The Paul i corrected nucleon-nucleon sca t t e r ing 
c ross -sec t ions were used to ca lcu la te the in t ranuc lea r t r a n s i t i o n 
r a t e s . The mean free path was adjusted for in t ranuc lear t r a n s i -
t i o n s . 
The hight and shape of exc i t a t i on function va r i es with 
the levGl dens i ty parameters [ 2 0 ] , The se lec t ion of value of 
: i 8 7 : 
level densi ty parameter i s done accordlnq to the formula propo^f^d 
by Lang and Le couteur [21] vhich t e l l s tha t the value of lev^l 
density parameter a = A/K where A denotes nucleon number and 
K, a constant_5for which va lues , spread over a wide region have 
been given in l i t e r a t u r e [22-24] . 
In the present case the value of mean free path mu l t i p l i e r 
was taken 2 and the value of level densi ty parameters'were 12,12, 
10 for In, I r , Sb r e spec t ive ly . 
In the pre-equi l ibr ium reac t ions the i n i t i a l exciton 
configurat ion i s a crucia l quan t i t y . I t i s described by the 
number of neutrons (n)» protons (p) in exci ted s t a t e s and the 
number of holes (h) af ter the f i r s t c o l l i s i o n . For a-induced 
reac t ions the suggested value of i t i s 4 or "5. I t i s found by 
many inves t iga to r s [20 , 25-28] tha t the exciton number n = 4 
gives the best f i t to the experiment. In the present case the 
ca lcu la t ions vjere done by taking the value of n = 4 ,5 ,6 but 
i t i s found tha t n = 4 (2 neutron + 2 proton + 0 hole) gives 
the best f i t to our experimental da ta . 
5.3 Discussion Of The Resul ts 
In the f igures from 5.1 - 5.22 our experimentally measured 
r e s u l t s are shown by the solid b a l l s . Available l i t e r a t u r e values 
are shovm by the rec tangles while the t h e o r e t i c a l exc i t a t ion 
functions ca lcula ted with and without the inclusion of pre-
equil ibrium emission_,are represented by the so l id and dotted 
: i 8 8 : 
curves r e s p e c t i v e l y . The c ros s - sec t ion is p lo t ted against the 
X-axis while the energy of a - p a r t i c l e s incident on the p a r t i c u l a r 
f o i l i s p lo t t ed agains t the y - a x i s . The c ross - sec t ion has been 
measured in mi l i -barns denoted by mb v^hile the energy of incid'^nt 
a - p a r t i c l e i s measured in Mega e lec t ron v o l t represented as MeV. 
The maximum energy, on which the c ross - sec t ion is measured is 
50 MeV in case of indium; 55 MeV in case of iridium and antimoney. 
In In(a ,n) Sb r eac t i on , the product nucleus i s Sb 
and has two s t a t e s , ground s t a t e of half l i f e 15.8 minutes and 
metastable s t a t e of half l i f e 1.005 h r s . In the bombardment of 
s tack, the produced a c t i v i t y was very high so j u s t af ter the 
bombardment, the counting of the gamma rays could not be s t a r t ed 
and was done only when the l eve l of a c t i v i t y came down with in 
the permissible l i m i t from the Health Physics Contro l . This 
cooling time of samples was very large as compared to the half 
1 1 A 
l i f e of ground s t a t e of Sb. So the cont r ibu t ion of ground 
s t a t e to the c ross - sec t ion could not be measured. llGnco rep re -
sented values of the c ross - sec t ion are due the metastable s ta te 
only. As the c ross - sec t ion ca lcula ted t h e o r e t i c a l l y is the sum 
of c ross - sec t ions of metastable and ground s t a t e both arid al no 
in the computer code AHCE/LIVERMORE-82, there is no provision 
to ca lcu la te the exc i t a t ion function ind iv idua l ly for each s t a te 
of the product nucleus ^o the comparison between the theore-
t i c a l and experimental values of exc i t a t i on functions is not poss i -
b l e . Due to non -ava i l ab i l i t y of the l i t e r a t u r e , the experimental 
S189S 
values of the e x c i t a t i o n function could not be compared with 
the l i t e r a t u r e va lues . In the In(a,3n) Sb reac t ion olno 
the product nucleus is Sb so a l l the problems for t h i s 
reac t ion are same as in the In(a ,n) Sb r e a c t i o n . Of course 
the Q-values of these two reac t ions are d i f f e r en t but even then 
af ter opening the channel of In(a,3n) Sb reac t ion both the 
reac t ions go on simultaneously hence, a new problem of separat ion 
of c ross - sec t ion of these r eac t ions a r i s e s . The c ross - sec t ion 
of the r eac t ions can be separated with the help of the c ross -
sect ions ca lcu la ted t h e o r e t i c a l l y only but, in the present case, 
the c ros s - sec t ions could be measured experimental ly only for the 
metastable s t a t e while the t heo re t i ca l c ros s - sec t ions are the 
sum of the c ross - sec t ions of metastable and ground both, so the 
. . -. 113T ( \ll6m^,_ . 115T / -> \116mf,. , , 
c ross - sec t ions of In(a ,n) Sb and In(a,3n) Sb could 
not be separa ted . Hence the represented values are the sum of 
the c ross - sec t ion of In(ct,n) and In(a,3n)o The sum of 
c ross - sec t ion for these r eac t ions have been measured at the 
energies 50 + 0 . 5 , 46.8 + 0 .6 , 43.6 + 0 . 7 , 40.1 + 0 . 7 , 37.4 + 0 . 7 , 
35.1 + 0 . 8 , 32.2 + 0.8 and 29.0 + 1.0 while the c ross - sec t ions at 
25.2 + 1.2, 21.4 + 1.4 MeV energies are only for ^•''^Ir( a,n) ^"'-^'"sb 
r eac t ion . The measured e x c i t a t i o n function i s displayed in the 
f i g . 5.1 and the numerical values of the c ross - sec t ions are 
arranged in the table 5 . 1 . 
In the •'•-'"^In(a,2n) "' Sb r eac t ion , "'••'-^ Sb is the product 
nucleus. This product nucleus has no metastable s t a t e . The 
half l i f e of ''••'•^ Sb is 32.1 minutes """"'•^ Sb i s also the product 
I190» 
nucleus of In(a,4n) Sb r eac t ion so beyond the threshold 
115 115 
of In(a,4n) Sb r eac t ion , the observed peak of the gamma 
rays understudy were the sum of two small peaks, one due to 
^^^In(a,2n)^^^Sb reac t ion while other one due to ^^^In{a,4n)^^^Sb 
r eac t i on . So in the t a i l region of In(a,2n) Sb r eac t ion , 
the measured c ross - sec t iom werethe sum of the c ross - sec t ions of 
these two r e a c t i o n s . The shares of these r eac t ions from the to t a l 
of the c ross-sec t ionwere divided with the help of the theore t ica l 
c r o s s - s e c t i o n s . For the processing, f i r s t of a l l the c ross -
sect ion;by the computer code,was calculated at the same a-par t ic l '^ 
energy a t which the sum of the c ross - sec t ion was measured exper i -
mentally then t h i s sum of the co r s s - sec t ion was divided in the 
r a t i o of the individual c ros s - sec t ion of these reac t ions ca lcu la -
ted by computer code. This individual c ross - sec t ion of the one 
of the reac t ion was put in the c ross - sec t iona l formula to ca lcu la te 
the photo peak counts and so obtained photopeak counts were 
subtracted from the sum of the photopeak counts of the tv/o 
r e a c t i o n s . Using these photopeak counts, the s t a t i s t i c a l error 
in the measured c ross -sec t ion was ca lcu la ted . At the energies 
21.4 + 1.4, 25.2 + 1.2, 29.0 + 1.0, 32.2 + 0 .8 MeV, the observed 
cross-sect ionwere purely due to In(a,2n) " Sb reac t ion while 
beyond t h i s , the observed c ross - sec t ion was the sum of thp c ross -
sect ion of ^^~^In(a,2n)^-'-^Sb and ^^^In(a,4n)''••^^Sb reac t ion . . 5o 
obtained r e s u l t s of the reac t ions "'"•^ I^n( a,2n)''""'"^Sb nnd "'••'"^ In( a,4n) 
115 
Sb are represented in the f i g . 5.2 and f i g . 5.5 r e spec t ive ly . 
•191! 
In these figures, a comparison between the theoretically calculated 
(By GDH and Hybrid model) excitation function and the experimentally 
calculated excitation function is also shown. From the figures, 
it is clear that experimental results are not in very good agreement 
with the theoretical results, quantitatively but qualitatively, it 
is satisfactory. It is also seen in the figures that the experi-
mental results are more closer to the geometry dependent hybrid 
(GDH) model calculations in comparison of the hybrid model calcu-
lations. 
115 118 In the In(a,n) Sb reaction, the product nucleus is 
1 TO 1 1 R 
Sb. Sb has a metastable s t a t e other than the ground s t a t e . 
The half l i f e of metastable s t a t e and ground s t a t e i s 5.0 h r s . 
and 3.6 minutes r e spec t ive ly . Due to very shor t half l i f e of 
ground s t a t e and n o n - a v a i l a b i l i t y of any gamma ray with good 
i n t ens i t y in i t s decay, the c ross - sec t ion for t h i s s t a te could 
not be measured. The measured c ross - sec t ion is only for the 
118 
metastable s t a t e of Sb. Due to the n o n - a v a i l a b i l i t y of the 
provision to ca lcu la te the e x c i t a t i o n function for each s t a t e 
of the product nucleus ind iv idua l ly , the comparison between the 
theore t i ca l and experimental e x c i t a t i o n function could not be 
made. The measured values of the c ross -sec t ion for t h i s reac t ion 
are displayed in the f i g . 5.3 The numerical values of the 
c ross -sec t ion a t d i f f e r en t a - p a r t i c l e energies are given in the 
J192 
table5-2. 
In the r e a c t i o n ^ ^ ^ I n ( a , 2 n ) ^^"^Sb, ^ ^ ^ I n ( a , p n ) ^^'^'"sn 
I n ( a , 2 p ) I n , the p roduc t n u c l e i emit the gamma ray of 
same energy ofO'159MeV wi th the d i f f e r e n t branching r a t i o s . 
So the peak ob t a ined in the spectrum was the sum of the peaks 
l l T 1 1 ^ 7 1 1 * 7 
due to Sb, "^Sn, I n . Hence the photopeak counts were 
the sum of the photopeak c o u n t s f o r these t h r e e r e a c t i o n s . So 
the problem of s e p a r a t i o n of the c o n t r i b u t i o n of each of the 
s t a t e became very i m p o r t a n t . The half l i f e of Sb, "^Sn, 
^^'^"^In, ^^'^^In i s 2.80 h r s , 13 .61 days , 1.94 h r s , 43 .8 min. I t 
i s c l e a r t h a t t h e ha l f l i f e of these p roduc t n u c l e i i s vary ing 
from minutes to days or in o t h e r words, i t can be sa id t h a t 
t he re i s a l a r g e d i f f e r e n c e between the ha l f l i f e of the n u c l e i 
hence the problem of the s e p a r a t i o n of the photopeak counts was 
solved by us ing the technique of decay a n a l y s i s . From the 
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m e t a s t a b l e s t a t e and the ground s t a t e , the In emi ts the 
gamma ray of Oj315 (19 .l/<) MeV and 0 .553 (99.7><) MeV a l so o t h e r 
than the garrma r ay ofQ«159M.eV. So the c r o s s - s e c t i o n s for 
In ( a ,2p ) In r e a c t i o n are a l s o c a l c u l a t e d by fo l lowing the 
o the r gamma ray than theo-159WeV gamma r a y . The numerical 
v a l u e s of the c r o s s - s e c t i o n > a r e given in the t a b l e 5 . 2 . The 
e x p e r i m e n t a l l y measured e x c i t a t i o n f u n c t i o n fo r ^''"^InC a,2n) ^^^Sb, 
I n ( a , p n ) Sn, I n ( a , 2 p ) In are d i s p l a y e d in the f i g . 5.4 
5 . 6 , 5.7 r e s p e c t i v e l y . In these f i g u r e s , the expe r imen ta l 
e x c i t a t i o n func t ion i s a l so compared with the e x c i t a t i o n func t ion 
c a l c u l a t e d t h e o r e t i c a l l y by t ak ing in to the c o n s i d e r a t i o n of 
:i93-* 
compound nuc leus format ion only by using Weisskopf-Ewing model 
and t h a t c a l c u l a t e d by t ak ing i n t o the c o n s i d e r a t i o n of 
e q u i l i b r i u m and p r e - e q u i l i b r i u m decay both us ing GDH model of 
Blann. In the r e a c t i o n I n ( a , p n ) Sn, the c r o s s - s e c t i o n s 
are c a l c u l a t e d only for the metas t ab le s t a t e , hence in the 
f i g . 5 .6 the expe r imen ta l e x c i t a t i o n func t ion i s looking lower 
than the t h e o r e t i c a l e x c i t a t i o n f u n c t i o n s because the s o l i d curve 
and the d o t t e d curve are r e p r e s e n t i n g the t o t a l e x c i t a t i o n 
func t ion ( m e t a s t a b l e s t a t e + ground s t a t e ) . The f i g . 5.7 
r e p r e s e n t s the e x c i t a t i o n f u n c t i o n curve for I n ( a , 2 p ) In 
r e a c t i o n . In t h i s f i g u r e , the small c i r c l e s show the c r o s s -
s e c t i o n s for the m e t a s t a b l e s t a t e and the t r i a n g l e s show the 
117 c r o s s - s e c t i o n s f o r ground s t a t e of In whi le the t o t a l c r o s s -
s ec t i on i s r e p r e s e n t e d by the s o l i d b a l l s . 
191 The ( a , x n ) r e a c t i o n s in I r wi th x = 1-5 and in 
I r , X = 3-5 have been measured. In I r ( a , n ) Au and 
I r ( a , 3 n ) Au the p roduc t nuc leus i s Au wi th two m e t a s t a b l e 
s t a t e s of hal f l i v e s 420 ms and 600 ms r e s p e c t i v e l y and the 
ground s t a t e of ha l f l i f e 1.65 d a y s . Due to very s h o r t hal f 
l i f e of the m e t a s t a b l e s t a t e s , the c o n t r i b u t i o n of these to the 
e x c i t a t i o n func t ion could not be measured d i s t i n g u i s h a b l y but 
these s t a t e s decay to the ground s t a t e so the t o t a l e x c i t a t i o n 
func t ion could be measured. After opening the channel of 
193 / s194 
I r ( a , 3 n ) Au r e a c t i o n , the measured c r o s s - s e c t i o n v/as the 
sum of the c r o s s - s e c t i o n s of two r e a c t i o n s . So the c r o s s - s e c t i o n 
«194: 
of each r e a c t i o n was d iv ided by using the r a t i o of t h e o r e t i c a l 
c r o s s - s e c t i o n of the a f o r e s a i d r e a c t i o n s . The numerical values 
of the c r o s s - s e c t i o n s of I r ( a , n ) Au and I r ( a , 3 n ) Au 
r e a c t i o n are a r ranged in the t a b l e 5 ,3 and 5.4 anci a re d i s p l a y e d 
in the f i g . 5 ,8 and f i g . 5 . 1 3 r e s p e c t i v e l y . 
In ^^^I r (a ,2n)^^^Au and ^^~^Ir( a ,4n) '^^ "^ Au the p roduc t 
193 
nucleus i s Au which has one m e t a s t a b l e s t a t e as wel l as 
the ground s t a t e . T h e ha l f l i f e of me t e s t a b l e s t a t e and ground 
s t a t e i s 3.9 sec. and 17.6 h r s . r e s p e c t i v e l y . The half l i f e 
of me ta s t ab l e s t a t e i s ve ry s h o r t but i t decays 99 .97^ to the 
ground s t a t e so the t o t a l e x c i t a t i o n func t ion could be measured. 
193 193 
Beyond the t h r e s h o l d of I r ( a , 4 n ) Au r e a c t i o n , in the over -
l a p p i n g r e g i o n , the c r o s s - s e c t i o n s were d i v i d e d wi th the he lp of 
the r a t i o of the t h e o r e t i c a l c r o s s - s e c t i o n s . The va lue of the 
191 / 193 193 193 
c r o s s - s e c t i o n s of I r ( a , 2 n ) Au and I r ( a , 4 n ) Au r e a c t i o n s 
are given in the t a b l e 5 .3 and 5 .4 and are d i s p l a y e d in the 
f i g . 5.9 and 5.14 r e s p e c t i v e l y . 
In the r e a c t i o n •'"^•'•IrC a, 3n) ^"^^Au and •'•"^^Ir(a,5n) ^"^^Au 
192 192 
the p roduc t nuc leus i s Au. Au has the m e t a s t a b l e s t a t e 
of hal f l i f e 167 ms while the ground s t a t e of ha l f l i f e 4 .9 h r s . 
167 ms i s a very s h o r t per iod so the c o n t r i b u t i o n of t h i s s t a t e 
to the e x c i t a t i o n func t ion could not be measured d i s t i n g u i s h a b l y 
bu t i t decays to the ground s t a t e so the t o t a l e x c i t a t i o n func t ion 
was measured. In the o v e r l a p p i n g r eg ion of these r e a c t i o n s , the 
c r o s s - s e c t i o n s were d iv ided by us ing the r a t i o of t h e o r e t i c a l 
: i 9 5 : 
c r o s s - s e c t i o n s . The value of the c ross - sec t ions of I r (a ,3n) 
Au and I r (a ,5n) Au reac t ion at various incident a - p a r t i c l e 
energies are given in the table 5.3 and 5 .4 . P i c t o r i a l l y the 
exc i t a t i on functions are shown in the f i g . 5.10 and f i g . 5.15 
r e s p e c t i v e l y . 
In the reac t ion I r ( a ,4n) Au the product nucleus is 
191 
Au possessing the metastable s t a t e of half l i f e 920 ms and 
ground s t a t e of half l i f e 3o2 h r s . The metastable s t a te decays 
to the ground s t a t e so t o t a l e x c i t a t i o n function was measured. 
In I r (a ,5n) Au the product nucleus Au has only the ground 
s t a t e of half l i f e 42,8 minute. The measured c ross - sec t ions of 
the reac t ions are tabulated in the table 5.3 and are displayed 
in the f i g . 5.11 and f i g . 5.12 r e s p e c t i v e l y . 
In the f i gu re s , i t is seen tha t the experimentally measured 
exc i t a t i on function i s approaching the t heo re t i ca l predic t ions 
done by taking into the considera t ion of equi l ibr ium and pre-
equi l ibr ium emission both. 
In Sb(a,n) I r e a c t i o n , the product nucleus is I . 
124 The half l i f e of I i s 4.18 days. I t has no metastable s t a t e 
124 
other than the ground s t a t e . I i s the product nucleus of 
123 124 
Sb(a,3n) I reac t ion a l so , so af ter opening the channel of 
th i s r eac t ion , the measured c ross - sec t ion is the sum of c ross -
sect ions of these two r e a c t i o n s . In the overlapping region the 
c ross - sec t ions are divided In the r a t i o of the t h e o r e t i c a l l y 
calculated c r o s s - s e c t i o n s . At the a-rparticle beam energies 
U96S 
29 .93 + 1.2 and 24.68 + 1.1 Mev, the developed a c t i v i t y was due 
121 to the Sb(a ,n ) r e a c t i o n o n l y . The numerica l v a l u e s of the 
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c r o s s - s e c t i o n s of Sb \a ,n ) I and Sb^a,3n) I r e a c t i o n 
a t d i f f e r e n t e n e r g i e s are given in the t a b l e 5.?) and 5.6 
r e s p e c t i v e l y whi le the r e s u l t s a re shown in the f i g . 5,16 and 
f i g . 5 .21 r e s p e c t i v e l y . In these f i g u r e s the e x p e r i m e n t a l l y 
measured r e s u l t s are a l so compared with the t h e o r e t i c a l p r e d i c -
t i o n s and l i t e r a t u r e (A. Calboreanu e t a l . and I .A . Waston 
e t a l . ) . The r e s u l t s of Calboreanu e t a l . are reproduced by 
the sign of c r o s s and those of I . A . Waston e t a l . a re reproduced 
121 124 
by r i n g s . In Sb(a ,n) I r e a c t i o n , the r e s u l t s of A. Calbo-
reanu e t a l . are upto the 24.0 MeV and are very high than the 
t h e o r e t i c a l p r e d i c t i o n s whi le the r e s u l t s of I . A . Waston e t a l . 
are upto 22.0 MeV only and are very low to the t h e o r e t i c a l 
p r e d i c t i o n s . In the p r e s e n t measurement the e x c i t a t i o n f u n c t i o n 
curve has been extended upto the 34,26 MeV and i s l y ing in 
between of two l i t e r a t u r e v a l u e s and a l so s a t i s f a c t o r i l y matching 
with the t h e o r e t i c a l e x c i t a t i o n f u n c t i o n ( c a l c u l a t e d by GDH model) 
c u r v e . 
In •'•^•'•Sb(a,2n)-'-^^I and ^^^'^Sb(a,4n) "'•^^I r e a c t i o n , the 123 p roduc t nuc leus i s same i . e . I which has the ground s t a t e of 
hal f l i f e 13.2 h r s . wi th no m e t a s t a b l e s t a t e . Below the t h r e s h o l d 
123 123 
of Sb(a ,4n) I r e a c t i o n the c r o s s - s e c t i o n i s due to the 
121 123 
Sb(a,2n) I r e a c t i o n o n l y . The a c t i v i t y measured a t the 
e n e r g i e s 21.93 + 1 .2 , 24 .68 + 1 . 1 , 27.24 + 1.0, 30.7 + 0 . 9 , 
: i97: 
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34o3 + 0 .8 MeV was due to the Sb(a,2n) I r eac t ion only while 
beyond t h i s the measured a c t i v i t y was the composite a c t i v i t y of 
two r e a c t i o n s . In the overlapping region, the c ross - sec t ions were 
divided with the help of the t heo re t i ca l c ross - sec t ions ca lcula ted 
121 
a t the same energy. The value of the c ross - sec t ions of Sb(a,2n) 
•'•^^I and •'•^^Sb(a,4n)''"^^I r eac t ions are arranged in the table 5.5 
and 5.6 and are displayed in the f i g . 5.17 and 5.22 r e s p e c t i v e l y . 
In the "'•^•^Sb(a,2n)-'-^^I reac t ion the l i t e r a t u r e values [29,30] are 
also a v a i l a b l e . The values ca lcula ted in ref . 29 and 30 are upto 
peak of e xc i t a t i on function only, the t a i l por t ion has not been 
measured while in the present measurements, the exc i t a t ion function 
curve has been ca lcula ted upto 55 MeV energy. The r e s u l t s of 
I .A. Waston e t a l . [30] are very low and showing the sh i f t of peak 
a l s o . In the t a i l port ion of the exc i t a t ion function curve present 
measurements are in very good matching with the GDH model ca lcu la -
123 
t i o n s . In the Sb(a,4n) r eac t ion the measured r e s u l t s are in 
good agreement with the t h e o r e t i c a l ca l cu la t ions (GDH model) 
q u a l i t a t i v e l y as well as the q u a n t i t a t i v e l y . No l i t e r a t u r e value 
is a v a i l a b l e . In the Sb(a,n) I r eac t ion , the c ross -sec t ion 
could be measured at 21.93 + 1.2, 24.68 + 1 .1 , 27.24 + 1.0 MeV 
only . In th i s reac t ion measured r e s u l t s are higher than the 
121 121 
GDH model c a l c u l a t i o n s . In Sb(a,4n) I r e ac t i on , the reported 
r e s u l t s are in s a t i s f a c t o r i l y agreement with the t heo re t i c a l pre-
die tions( done by GDH model). In Sb(a,p3n) Te the measured 
r e s u l t s are only for ground s t a t e , so can not be compared with the 
theory. The value of the measured r e s u l t s for •'•^•'•Sb(a,p3n) •'•'^ •'"Te, 
:i98: 
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Sb(a,4n) I are given in table 5.5, while the results for 
Sb(a,n) I reaction are given in table 5.6. These experi-
mental excitation function and theoretical excitation function 
(calculated with and without inclusion of PE) are displayed in 
the fig. 5.19, fig. 5.18 and fig. 5.20 respectively. 
5.4 Conclusions 
The study of exc i t a t i on function of a-induced reac t ions 
in •'••'•^In, •'••'•^In, "'•^ •'•Sb, "'"^^Sb, "'•'^ ^Ir and "^^^Ir has been done. 
These exc i t a t i on functions are displayed in the f i g s . 5.1 - 5 .22. 
In these f igu res , i t i s very c l ea r that the measured r e s u l t s 
are in agreement, q u a l i t a t i v e l y , with the t heo re t i ca l r e s u l t s 
but the quan t i t a t i ve agreement i s not very good. From the 
f i g s . 5.1 - 5 .22, i t can be concluded tha t the experimental 
r e s u l t s are more agreed to the r e s u l t s ca lcu la ted t h e o r e t i c a l l y 
by taking the cons idera t ion of equil ibrium as well as the pre-
equil ibr ium decay (GDH model c a l c u l a t i o n s ) , shown by solid curve 
in the f igu res , in comparison of those which are ca lcula ted by 
taking the considerat ion of pure equil ibrium reac t ion mechanism 
(VJeisskopf-Ewing model ca lcu la t ions ) , shown by broken curve in 
the f i g u r e s . The discrepancy between the r e s u l t s obtained from 
Weisskopf-Ewing model ca l cu la t ions and those measured exper i -
mentally, increases with increasing E in the sloping down 
port ion of the exc i t a t i on funct ion. According to the Weisskopf-
Ewing model c a l c u l a t i o n s , the e x c i t a t i o n function comes down very 
:i99« 
f a s t beyond peak while according to the GDH model c a l cu l a t i ons , 
i t comes down very slowly and hence, has a long t a i l . Thus the 
high energy t a i l s of the e x c i t a t i o n function can not be accounted 
for by pure equi l ibr ium reac t ion mechanism, i t can be explained, 
only, by the proper admixture of equil ibr ium and pre-equi l ibr ium 
process which i s j u s t i f i e d by the comparison of our experimentally 
measured r e s u l t s , solid curve, and broken curve in the f i g s . 5 . 1 -
5.22. I t i s also concluded t h a t the i n i t i a l exci ton number 
configurat ion ^^i ~ ^ ^^ "^  + 2p + Oh) gives the best f i t to our 
experimental data and supports the many e a r l i e r i nves t iga to r s 
[20, 25-28] . 
The comparison of theory and experiment shows tha t the 
pre-equi l ibr ium process i s present in the a-induced reac t ions 
and gives a s ign i f i can t con t r i bu t ion . The pre-equi l ibr ium 
f rac t ion is a measure of the r e l a t i v e weight of the p r e - e q u i l i -
brium cont r ibu t ion needed for the reproduction of experimental 
da ta . The t o t a l pre-equi l ibr ium f rac t ion (for a l l possible 
react ion) i s more meaningful and is ca lcula ted for In, In, 
•"•^^Sb, ^^-^Sb, ^^^Ir and "'•^^Ir using ALICE/LIVERMORE-82 computer 
code [ l4] . I t i s p lo t ted agains t the a - p a r t i c l e beam energy 
and shown in the f i g . 5 .23 . From th^ ^ f i g . 5 .23, i t i^ inforiod 
tha t threshold of pre-equi l ibr ium process increases with the 
decrease of mass number and increases very fnst with the 
increase of inc ident a - p a r t i c l e energy. On increa=;ing the mul t i -
p l i c i t y of out going p a r t i c l p s a t higher ene rg ies , the r a t e of 
iucreamont of the pre-equi l ibr ium f rac t ion decreases . 
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Alpha-induced reactions in iridium 
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Deportment of Physics, Aligarh Muslim University. Aligorh 202002, India 
(Received 25 November 1991) 
The excilntion function of {a,xn) reactions on '"Ir (abundance 37.3%) and on '"ir (abundance 
62.7%) lias been measured for the 17-55 MeV alpha-particle bombarding energy range. The stacked foil 
activation technique and y-ray spectroscopy were used to determine the cross sections. The experimen-
tal data were compared with calculated values obtained by means of a geometry-dependent hybrid mod-
el. The initial exciton number ne = 4 with n =2, p =2, and It =0 gives (he best agreements with the 
presently measured results. To calculate the excitation function theoretically a computer code was used. 
This set of excitation functions provides a data basis for probing the validity of combined equilibrium 
and pre-equilibrium reaction models In a considerable energy range. 
PACS number(s): 25.55.-e 
1. INTRODUCTION 
During the last decade a lot of study has been done in 
understanding of nonequilibrium reaction meclianisms. 
The high-energy tail observed in the excitation function 
of the light particle reactions contains important infor-
mation obout the reaction mechanisms. Several models 
[1-8] have been proposed to interpret this experimentally 
observed feature of the excitation functions. The hybrid 
and geometry-dependent hybrid models [5,6] are found to 
give the best verification for the above-mentioned fact in 
n brond range of cxperltnenlnl diitn. More elnbornlc 
quantum-mechanical theories [9-15] which arc not ap-
plied to routinely measurable preequilibrium cross sec-
tions have tended to support the,foundation on which the 
classical models are built [16]. Presently the measure-
ments ore performed to compare the excitation function 
of the reactions in the isotopes of the MILUJ['11 iridium 
with Dlann's geometry-dependent hybridnnoael via the 
code ALICE, which contains both the compound and pree-
quilibrium (PE) processes. We have measured the excita-
tion function of the reactions " ' l r (a ,n ) , " ' l r (a ,2n) , 
"'lr(a,3M), ' "Ir(a ,4«) , '"lr(a,5M), ' " l r (a ,3«) , 
" ' l r(a,4/ i) , and ' " l r (a ,5«) and reported them to the best 
of our knowledge. 
J " 
n . EXPERIMENTAL PROCEDURE 
A. Sample preparation 
Samples of the element under study were made from 
spectroscopic iridium having purity better than 99.99% 
by the vacuum evaporation technique in the target 
division of the variable Energy Cyclotron Centre, Calcut-
ta, India. Tlie target foils were squares of side, 1.5 cm, 
and of the thickness, 150/ig/ctn^ Ihc foils were fixed on 
aluminium sheets having a circular hole with a diameter 
of 1.2 cm in its center. The alumiuium dcgraders of the 
dilTercut thickness were also inserted in the target stack 
so that the alpha beam of 55 MeV energy might be de-
graded considerably. 
B. Irradiation and counting 
The tprget stack was irradiated with a 55 MeV energy 
alpha-particle beam at the Variable Energy Cyclotron 
Centre (VECC). Calcutta, India for 3900 sec, keeping in 
view the thickness of the sample, the melting point of the 
element, and the half-lives of the yields. A typical experi-
mental setup for the slack irradiation is shown in Fig. 1. 
After cooling, the target foils were brought, one by one to 
the counting room and the residual activity was recorded 
with the help of a 100 cm' ORTEC Ge(Li) detector cou-
pled with n prccalibrnlcd 4096 mullichniincl nniily/ei niul 
nssoclntcd electronics. The elllcicncy and energy cnlihrn-
tions were performed using a standard "^Eu point source 
of known strength keeping it at target position. 
C. Flux mca.surcmcnts 
During the irradiotion of the slack, the counting of the 
incoming a particles was done from an integrated beam 
charge. Here the beam was totally slopped in the electri-
cally insulted irradiation heads serving as a kind of F-ara-
day cup [17-21] where secondary electrons were prevent-
ed from escaping. Using this charge, the flux was calcu-
IFo'odoys (up) 
lo tuff«n) if>l»g'otor 
a • b f a m ; 
inimiinimmrnjj 
withAI dfgrodff i 
J —jtilulillfng |ct»^( 
I I I , . . , , i"i«i 
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FIG. 1. Experimental setup for slack foil irradialion with nn 
. a-parlicle beam. , | 
latcU. Copper foil was used as n flui^  numilor (18) for 
checking the flux and good agreement was found with 
< 10% discrepancy. 
D. Energy spread 
The important factors contributing to the energy 
spread of the a particles incident on a particular target 
foil are (he spread in the initial beam energy, foil thick-
ness, stopping power values, and path length. In the 
present measurements, (he uncertainty in the initial beam 
energy was ±0.5 MeV. 
The stopping power values are adopted from the tables 
of Northcliffe and Schilling [22], which are accurate 
within 5%. 
Multiple scattering at small angles increases the path 
length of the stopping materials (23). However, in the 
case of a particles, the path length correction is very 
small [17) ( <0.5%) and, hence, neglected. 
E. Cross-section determination 
The activation cross section was computed using the 
following expression [19-21,24): 
(T{E) = 
Akexpikti) 
N<t>{Ge)eK11 -exp{ - X J , )][ I -exp( -X/ j ) ) 
where A Is the count under the photopeak of characteris-
tic y rays, k is the decay constant of product nucleus, N 
is the number of nuclei of the isotope under investigation, 
<l> is the incident a-particle flux, (Ge) is the geometry-
dependent elTiciency of the Ge(Li) detector, 9 is the abso-
lute intensity of the characteristic )' rays, K is the self-
absorption correction factor for the y rays in the sample, 
/ | is the irradiation time, ;, is the time lapsed between 
stopping the beam and start of counting, and /j is the 
counting time. 
The cross section of a particular reaction was calculat-
ed for various identified y rays arising from the same 
FIG. 3. Experimental and theoretical excilalion functions for 
the reaction '''Mr(a,2n)'"Au. • , present work; ( ), pure 
EQ;and ( ), EQ with the PE [no = 4(2n+2p+0/1)) GDH 
model. 
product nucleus. For this purpose only those y rays were 
considered that had good statistics. The reported value is 
the weighted average (25) of the various cross-section 
values so obtained. All llie decay piirnmclcrs of (he nu-
clei studied here were taken from the Table of Isotopes 
by Lederer and Shirley [26). 
III. RESULTS AND DISCUSSION 
A. Theoretical predictions 
The theoretical excitation function calculations were 
done using the compound nucleus model wiili and 
without the inclusion of 'I'tRE emission of particles. For 
analyzing the equilibriumn^t, the compound nucleus 
model of Weisskopf and bwing [27] was ndoptcd, The 
contribution from the PE process has been included only 
at the first step of evaporation. The GDM model was 
used for analyzing the PE part [6], For performing these 
calculations, the computer code AUCE/LIVERMORK-BZ 
[28] was used. Since the program system and the theories 
involved have been discussed by several authors already, 
10' 
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FIG. 2. Experimental niid theorelical excitation functions for 
tlie reaction "'lr(a,«)'"Au. • , present work; ( ), pure 
EQ; and ( ), EQ with llic PE (no = 4(2/i -f 2p-l-0/i)l GDII 
model. 
30 40 50 
Eo,(McV) 
PIG. i. E'.pcrimcnlal and llicorclical excilnii 
the reaction "'!r(a.in)"'Au. • , present work; 
EQ; and ( I, EQ will; (lie PE (no = 4(2(t -f 
model. 
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FIG, 5. Experimental and theoretical excita''0" Tunclions for \ 
the reaction "'lr(a.4«)"'Au. • , present worf. < '- P" ' ' 
EQ;and( ), EQ with the PE (no=4{2n >2p+Oft)J GDH | 
model. 
we restrict ourselves here by referring only ' ° ^ review of 
Blann [3) on PE decay. J\\t statistical "'o^*^' P^'* ^^ 
ALlCE/LlVERMORE-82 can account for a '^''g^ veriely of 
reaction types [29,30), clusters such as d^ulerons and a 
particles can be considered in addition to •'"= evopornlion 
of neutrons and protons according to We'^'^^P'^ ^1'^ ^^^" 
ing. Using a level dei\sity assuming p(J) "f^ "*" >^ '•^•' ""^  
constraint on angular momenta. For the level density pa-
rameter, the value of A / 8 was taken sin<;« •' '^ "« ' Possi-
ble in the code to use an individual level density parame-
ter for a particular residual nucleus (30). ' " ^^^ ^ ^ <^ '^' 
cutations, the initial exciton uumbe'' " o " ' * *>'** 
configuration {2n+2p+Oh) was taken, vvhich is the best 
choice for a-induced reactions [31-34]. , 






FIG. •?. Experimental and Iheorelicnl excilalion fuMclion"; for 
the reaction "'lr(o,3«)"'Au. • , pre'ienl work; ( ', pure 
EQ; and ( ), EQ with the PE [n^''M2n +2p +0h)] GDM 
model. 
n. Experimental results 
The measured excitation functions for the reactions 
' " I r l a .n ) , ' '"lr(a,2»), '""lr(n,3;i I, '"^(0.4.1), 
' " l r t a ,5n) , '"U<a,3nK '"U(a,4n! , and '"'Uln.Sfi! nrc 
shown in Figs. 2-9 . Our experinienlally measured re-
sults arc shown by the solid circles. The total esiiniatcd 
energy spread is shown by the horizontal bar and ilic 
cross-sectional error is shown by the vertical bar, Where 
no vertical bar is shown, the error is within the data 
points. 
In the reactions '"lr(a,M) and ''"lr(a,3M); '"lr((i,2M) 
and "'lr(a,4M), ' " l r (a ,3n) and '"'irla.Sn), the product 
nuclei is th: same, so all the decay parameters are ilie 
same but differ in Q value. As a result, the obscr\cd ac-
tivity in the irradiated sample is the composite activity 
Eo^MeV)-
FIG. 6. Experimental and llicorelicnl excll'"'°" fu'iclions for I 
the reaction "'Ir(a,5M)''"'Au. • , present wofk; ( ), pure | 
U.qvwvd (. V. UU vxW^ (.(.vs. t;tL(,s\,,"AJkVs•'• '-'?• -•:'W'-V',<iM}}.' 
model. 
Eo((MeV) i-
no. (t. F.xpcrinicnlnl nrid Ilicnrcliciil c\cilalion riiMCliom for 
llie rcflclioii "'lrln'.')/i)"'An. • . prescnl work; I ', IMJIC 
';!:>;,-Mill, I, >„'i!^>w()i,'Jiiv'!'LV-i,o"W,''ji,-'n\-j,','y;,',','OAv,', 
model. 
50 
FIG. 9. Experimental and theoretical excitation functions for 
the reaction "Mr(a,5'i)'"Au. • , present work; ( ), pure 
EQiand ( ), EQ with the PE [/i(i=4(2n+2p+O/1)] GDH 
model. 
due to the reactions in the same set mentioned above. 
For example, below the threshold of "^lr(a,5n), the ob-
<srved activity is due to the " ' l r (a ,3«) reaction oi\ly, but 
beyond it, the observed activity will be the total of the ac-
livities produced due to these two reactions. In this over- I 
lapping region the cross sections are divided in the ratio 1 
of the theoretical cross sections of these two reactions. 
In the reactions '"lr(o,/ i) and '^^Ir(a,3rt), '"lr(a,2//) i 
and "•'lr(a,4n), ' " l r (a ,3n) and ' " l r (a ,5«) , the product ] 
nuclei have one or more isomeric states other than the I 
ground state. In all these cases the half-lives of the 
isomeric states are very short (sec/msec), so the contribu-
tion of these to the excitation function could not be mea-
siired distiiigiiishnbiy due to n long cooling time bccsuisc 
the high activity was there. But, these isomeric states de-
cay to the ground slate, so the total excitation functions 
were measured. 
Since all the measurements are reported for the first 
time to the best of our knowledge, that is why no litera-
ture value is shown irj the figures but the presently mea-
sured results match very well with the theoretical results. 
IV, CONCLUSION 
The excitation functions of eight o-induced reactions 
have been measured for ' " [ r and ' " i r . The experimental 
data and the results of geometry-dependent hybrid model 
calculations are in surprising agreement without any pa-
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FIG. 10 rreequilibrium fraclion J„ of llie Uilal rcaLlioii 
croM ncclion n^  n fdiiction of the (j-pnr(iclc energy 
portion of the excitation functions, the experimental data 
and the results from the Weisskopf-Ewing model calcula-
tions are not in agreement, this is due to the PE process, 
which has not been considered in this model. For a-
induced reactions, the choice of a four-exciton state | 
(In +2p+0h) for the initial configuration of the cotn-
pound s)5lcm gives satisfactory results and supports the 
firding of many earlier investigators [JO-331 The pree- I 
quilibrium fraction ( /pc ' Tor ' '"ir and '"'ir ha<; also been 
calculated and shown in Fig. 10, It is concluded that the j 
prcequilibrium fraction increases very fast with the in- j 
crciisc 0 ' incident «-pnrliclc energy. Ilic ihrc^liold for ' 
prec^uil''btiun^ emission is higher for the lower n\nss I 
number. It is also concluded (lint (he vnliic of / | . , is ( 
higher for the system of higher mass number at a given I 
a-particle energy, j 
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EXCITATION FUNCTION STUDIES FOR THE ALPHA INDUCED REACTIONS 
IN INDIUM 
M.K. BHARDWAJ, I .A. RIZVI and A.K. CHAUBEY 
Department of P h y s i c s , A l iga rh Muslim U n i v e r s i t y 
Al iga rh-202002 INDIA. 
E x c i t a t i o n func t ion of the r e a c t i o n s ( a , n ) , ( a , 2 n ) , ( a , 3 n ) , 
( a , 4 n ) , ( a , p n ) , ( a , 2 p ) for "'••'•^In and ( a , n ) , ( a , 2 n ) for ^^'^ In have 
been measured up to 50 MeV bombarding energy us ing s tacked f o i l 
a c t i v a t i o n t e c h n i q u e . A s t ack of the t a r g e t f o i l s was i r r a d i a t e d 
a t the Va r i ab l e Energy Cyclo t ron Cen t re , C a l c u t t a . The a - p a r t i c l e 
f lux was moni tored by charge c o l l e c t i o n method us ing Faraday Cup, 
kep t j u s t behind the t a r g e t s . Cross s e c t i o n s were measured a t t en 
a - p a r t i c l e e n e r g i e s . The expe r imen ta l da ta v/ere compared wi th the 
t h e o r e t i c a l p r e d i c t i o n s us ing A L I C E / I , I V E R M 0 R E - 8 2 Code based on the 
geometry dependen t hybr id model of Biann. The b e s t consequence was 
obta ined f o r e x c i t o n number n = 4 wi th the c o n f i g u r a t i o n (2n+2p+0h) 
PACS No ; 2 5 . 5 5 He - He Induced R e a c t i o n s and S c a t t e r i n g 
1. Introduction 
After the development of Variable Energy Cyclotron, projec-
tiles accelerated upto very high energies became available and 
experimental features of the nuclear reactions have been studied 
by several investigators. They manifesttrather anomalous features 
in the high energy tails of the excitation function. So obtained 
new experimental features could neither be explained by compound 
2-4 
nucleus model nor by direct reaction model . To explain the 
5-12 
experimental fact many semi-classical models have been proposed 
The hybrid and geometry dependent hybrid models * proposed by 
Blann have been found to be relatively simple and of closed form 
13 for the successful reproduction of experimental data . Apart from 
these semi-classical models of the nuclear reactions for the succesj 
ful reproduction of the excitation function data, efforts are in 
progress to give a full quantum mechanical picture ~ in the fram^ 
1 Q 
work of mul t i s t ep theor ies proposed by Feshbach et a l . and 
In order to have a more accurate knowledge about the p re -
equilibrium emission mechanism, more and more experimental data are 
necessary. Keeping th i s motivation in the mind the exc i ta t ion 
functions for In and In with alphas were measured. Theoretica 
predic t ions based on the geometry dependent hybrid model were ca r r i e 
out for comparison with the observed da ta . 
2. Experimental Procedure 
Samples of the element under study were made from spectro-
graphically pure indium having purity better than 99.99yi . In the 
preparation of the target sample the indium metal of thickness 
3,34 mg/cm^ (natural abundance -^ ^^ In = A.3-/. , ^ -^ I^n = 95.7>0 was 
deposited onto the aluminium backing of thickness 6.75 mg/cm by 
vacuum evaporation technique at target division of Variable Energy 
Cyclotron Centre (VECC), Calcutta (India). The indium foil was 
cut into the pieces of size 1.5 cm x 1.5 cm nnd each of them v.'as 
glued to an aluminium frame having a circular hole of diameter 
1.2 cm in the centre. These pieces were arranged into Lho form of 
a stack. Aluminium and copper foilr; were also used in beUvoen the 
indium foils to get desired incident energy on each foil. The stack 
was irradiated by 50 MeV diffused a beam for one and half hour in a 
chamber specially constructed for irradiation. The diameter of the 
beam spot on the target was limited to 8.0 mm by using a collimator 
in front of the target stack. The current during the irradiation 
was around 100 nA. The a-parLicle flux was monitored by the total 
charge collection method, using a Faiaday Cup kept just behind the 
target stack ~ . The typical experimental s^t up for the stack 
irradiation is shown in fig. 1. Th, a beam was obtained from the 
cyclotron at Variable Energy Cyclotron Centre (VECC), Calcutta 
(India). After the irradic tion the Ic^ xget samples were brought into 
tho counting room of VLCC a >d yrjairaa rays emitted from rosidu'il nuclei 
were measured by .,00 cc GhTEC Ge (L.L) detecl-.x an> '' .-^  o .m.ri rr.y 
spectra were taken vdth the help of pre-calibrated 4096 channel 
analyzer and associated electronics. Efficiency and energy 
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calibration were done using a standard Eu y-point source of 
known strength by keeping it at the source position. The energy 
of the particle after they had traveided the thickness of each 
foil was computed from the stopping power table of Northcliffe and 
Schilling^^. 
The expression to calculate the cross section has been 
described in reference 28. Half-lives, gamma rays, absolute y-
intensity corresponding to the product nuclei are taken i:.cm the 
2'^ • table of isotopes by Lederer and Shirley '. In the caltu^u Ij on -^^i 
incident a-particle energy both the inlierent beam spicaj of ± O.C^  MoV 
and energy spread in the foils were taken into account. Iho 
a-particle energies incident on the foils were 50 ^  0.5, Ab^Q + 0.6, 
43.6 + 0.7, 40.1 + 0.7, 37.4 + 0.7, 35.1 + 0,8, . -.2 j- 0,8;29.0 + 1,0, 
25.2 + 1.2, and 21.4 + 1.4.MeV. 
3 . Result and Discuss ion 
Experimental r e s u l t s a r e shcvn in f i g . 2 : i i i tlie fo in of 
e x c i t a t i o n f u n c t i o n . T h e , t o t a l energy spread apcoc ia tod wi th each 
inc ident a - p a r t i c l e energy i s shown by the hor i>:cnta l ba r , w h i l e 
the t o t a l es+imated error in the o c i t a t i o n f u n c t i o n i s r e p r e s e n t e d 
by the v e r t i c a l bar. At p-jm"" pox;)ts the v e r t i c a l bars a r e ne t shown, 
i t means, li.o e s t i m a t e d e^ or .:;. the c ross c-ectlori i s w l l M a '!i? r,-ic.!'-
The estimated error is onJ ^ the s t a t j . s t i c a l c v r o ^ . T;>? -^  ,^ C-J, t-^d 
30 
value i s the weigh+^d average of Uie v a r i o u s c r o s s scc t iono 
ca lcu la ted for the various gamma rays a t the same inc iden t 
a - p a r t i c l e energy. The er rors has been ca lcula ted according 
t o the ref . 30. 
Experimentally measured e x c i t a t i o n functiono are a lso 
compared with those ca lcu la ted t h e o r e t i c a l l y . The t h e o r e t i c a l 
c a l c u l a t i o n s are on the basis of compound and pre-equi l ibr ium 
( P E ) reac t ion mechanisms using the GDH model proposed by 
Blann and they a re represented by the so l id l i n e , whereas 
those obtained by tak ing in to cons idera t ion the compound nucleus 
3? 
31 formation only, by the compound mode.^  of vV.,loGlvw.pf'"E'-"^ing" , are 
represented by broken line, A computer code ALICb/LIVERMORE-82' 
33 34 
v/as used for these calculations ' . The valucG of Ic el 
density parameter and mean free path multiplier 12.0 and 
3.0 respectively were choosen for throughout the calculo lions. 
The reactions •'••'•^ In(a,2n) •^''•^Sb and ^ '^ I^nCaj-la) -"-""^Sb 
have different Q value but even then iii the tail region of 
In(a,2n) Sb reaction the other reawlic. channel si.ould 
compete v;ith it. In this region each cross section v/ould nob 
be determined distinguishably, and so the observed croc3 section 
was divided in parts according to t!G ratio of the thooiccical 
cross sections at the given a-particle energy. 
In the •'••'•^ InCa^ n) ^^^Sh . J •^ •'•^ In(a,3n) ^'^^Sb rc-::ctiGns 
the product nuclevs "b has two states, groun 1 state of half-
life 16 minutes and met 3tible sL?te of half-life ro.4 ininutes. 
As the half life of gr'^  i state is very short, hercoj in the 
counting of the a^ ;liviv; A^ or thJ.o reaction, no contribution 
from the ground st^ V^e v;os obseivod so the observed cross section 
is dup to thp mptastabid shntr^  on!v. 
The s i t u a t i o n about the metastable ( t ^ = 5.0 hrs) and ground 
( t ^ = 3.5 minutes) s t a t e of the product nucleus in the reac t ion 
l i e . ] 1 0 
In (a,n) Sb was the same as in the above case. The compa-
^ 4.i ^ ,4. 4: 113^ f s 116„, 115-^ / s 118 
rison of the measured results of In la,nj Sb, In \o.,n) bb, 
In (a,3n) Sb reactions with the theory was not possible 
because the excitation function of these reactions were measured for 
the metastable state only. 
T iu i- 115T / o N 117eu 115- / \ llTm- ^ , In the reaction In (a,2n) Sb, In (a,pn) Sn and 
In (a,2p) In the product nuclei emit the gamma ray of same 
energy, 158.56 MeV with different emission probabilities. Therefore, 
the obtained photopeak area was the sum of the photopeak areas due 
to these three reaction products. The contribution of each product 
nucleus was separated out with the help of decay analysis. 
The figures 2-5 represent the experimentally measured results 
for the reaction "^ ^^ In (a,n), •^'•'^In (a,2n), "^'•^ In (a,n), •^"'•^In (a,2n), 
•^"•^ In (a,3n), "'•^ I^n (a,4n), ^^^In (ct,2p), •'"^ I^n (a,pn) respectively 
and also the comparison between theory and experiment wherever 
possible. 
4. Conclusion 
The eight excitation functions have been measured for a-induced 
reactions with In and In. From the figs. 2-5, it is very clear 
that the experimentally measured result are not in very good agreement 
with the theoretical results calculated by the geometry dependent 
hybrid model, but qualitatively it is satisfactory. High energy tails 
in the a-induced excitation function cannot be accounted for by the 
pure equilibrium reaction mechanism as is c lear ly shown by comparing 
the experimental results with the broken l i n e s . I t can be explained 
by proper admixture of equilibrium and pre-equilibrium processes. 
This statement can be jus t i f i ed by the comparison of experimentally 
measured resu l t and the solid l i n e . I t was concluded that the in i t i a 
exciton configuration n = 4 (2n+2p+0h) gave the best f i t to our 
experimental data . This supports the finding of many ea r l i e r 
investigators ' ~ . The pre-equilibrium fraction (fpp) ^^^ "the 
to ta l reaction cross section has also been calculated and is shown 
in f ig. 6. I t is concluded that the pre-oquilibrium fraction 
increases very fast with the increase of incident a-part icle energy. 
The threshold for pre-equilibrium emission is higher for the lower 
mass number. I t is also concluded that the value of f^,^ is higher 
ire, 
for the system of higher mass number at a given a-particle energy. 
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Figure Captions 
F ig . 1. Experimental se t -up for stack f o i l i r r a d i a t i o n with 
a - p a r t i c l e beam. 
Fig . 2 . Exci ta t ion function for the reac t ions In(a ,n) Sb + 
^^^ln(a ,3n) ^^^Sb'" ?^^^In(a,2n) ^^^Sb. 
• : ^^^ln(a ,n) ^^^Sb'" + ^ l^ In(a ,3n) ^^^Sb"^ Reaction 
0 : •'••^^In(a,2n) ^•^^Sb Reaction 
: PE with EQ (GDH model) 
Pure EQ 
Fig, 3. Excitation function for the reactions In(a,n) Sb , 
^^^In(a,2n) ^^ "^ Sb, ^^^In(a,4n) ^^^Sb. 
V : •^'•^ In(a,n) "'•^ S^b'" Reaction. 
• : ^•^^In(a,2n) ^ '^^ Sb 
0 : •^'•^ In(a,4n) "'••'•^Sb Reaction, 
: PE with EQ (GDH model) 
: Pure EQ. 
Fig . 4. Exci ta t ion function for the reac t ion In(a ,2p) In . 
• : Present work (ground s t a t e + metastable s t a t e ) 
O : Present work (metastable f t a t e only) 
V '• Present work (ground s t a t e only) 
Fig . 5. Exc i ta t ion function for the react ion •'••'•^ln(a,pn) ^•'•'^ Sn'^ . 
: Present work (metastable s t a t e only) 
F ig . 6. Pre-equi l ibr ium f r ac t i on (fPE) of the t o t a l react ion 
cross sect ion as a funct ion of a - o a r t i c l e pnornv. 
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